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REMARKS 

Claims 7-12 have been cancelled as directed to a non-elected invention. Claim 5 has 
been cancelled and the subject matter of claim 5 has been incorporated into amended claim 1. 
Claim 1 has further been amended to recite the number of cells transplanted and to describe the 
characteristics of the transplanted cells. Claims 1, 2, and 6 have been amended to recite neural 
stem cells. Claims 3 and 4 have been amended to depend from claim 1 . The amendments are 
supported by the claims as originally filed. The amendments to claims 1 , 2, and 6 ("neural stem 
cells") are supported by disclosure throughout the specification, e.g. at page 4, line 5. The 
amendments to claim 1 are fiirther supported by disclosure at page 6, lines 25-28, page 15, lines 
16-17, and page 16, lines 5-9 of the specification. No new matter is added. 

Information Disclosure Statement 
An information disclosure statement was filed July 24, 2001. The Examiner has 
indicated that although several copies of references were received, no PTO-1449 form was 
received. For the Examiner's convenience, and in order to fiiUy comply with 37 CFR 1 .98(a)(1), 
Applicant encloses herewith copies of the Information Disclosure Statement, the PTO-1449 
form, each of the references cited, the transmittal letter, the stamped retum postcard, and the 
stamped Express Mail Receipt, which were originally filed on July 24, 2001. 

Claim Rejections under 35 U.S.C. § 112 

There is a sole rejection under 35 U.S.C. § 112, first paragraph for lack of enablement. 
According to the Examiner, "[t]he specification fails to provide an enabling disclosure for the 
methods of transplantation because the specification teaches that the only use for the method is 
to provide a therapeutic benefit to a subject and specification does not teach how to use the 
claimed methods to produce a therapeutic effect." (Office Action at page 3). Thus, the 
Examiner has argued that the specification fails to meet the " how to use " requirement of 35 
U.S.C. § 1 12, first paragraph. This rejection should be withdrawn. 

First , the rejection is improperly made under § 1 12, first paragraph. Where, as here, the 
Examiner has questioned the therapeutic efficacy or benefit, the rejection is properly the subject 
of a § 101 utility rejection (with a concurrent § 1 12, first paragraph rejection) on the basis that 
the claimed invention lacks a credible utility. See §§ 706.03(a)(1) and 2107 of the M.P.E.P. (and 
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particularly the discussion of the relationship between § 101 utility rejections and § 1 12, first 
paragraph rejections). Yet there is no § 101 rejection here. On this basis alone the rejection 
cannot stand. 

Second , the "how to use" requirement of § 112, first paragraph is satisfied if "the 
specification contains within it a connotation of how to use, and/or the art recognizes that 
standard modes of administration are known and contemplated." See § 2164.01(c) of the 
M.P.E.P. Applicant's specification meets this requirement (discussed in detail below). 

Third , a rejection under § 1 12, first paragraph is proper only if one reasonably skilled in 
the art could not make or use the invention from the disclosures in the patent coupled with 
information known in the art, without undue experimentation. See United States v. Telectronics, 
Inc. , 857 F.2d 778, 785 (Fed. Cir. 1988); In re Wands , 858 F.2d 731, 737 (Fed. Cir. 1988). 
Applicant's specification meets this requirement (discussed in detail below). 

A. The Rejection under § 112, First Paragraph Does Not Conform To §706M3(a)(l) 
M.RKP. 

Claims 1-6 have been rejected under 35 U.S.C. § 1 12, first paragraph, for lack of 
enablement. The Examiner asserts that the specification does not teach how to use the claimed 
methods to produce a therapeutic effect in a host. According to the Examiner, the pending 
claims are not enabled because, although the claimed methods are drawn to methods of 
transplantation of progenitor cells to effect migration, integration, and differentiation into 
neurons, oligodendrocytes, or astrocytes, the only use contemplated in the specification for these 
methods is to provide a therapeutic benefit. Independent claim 1 does not require such a 
therapeutic benefit. Accordingly, Applicant contends that none of the pending claims needs to 
show such a therapeutic benefit. 

Under the case law and its interpretation in the M.P.E.P, a rejection that questions the 
efficacy of a claimed invention is properly analyzed as a utility rejection that must conform to 
the Utility Guidelines set forth in §706.03(a)(l) of the M.P.E.P. However, there is no § 101 
rejection here. Section 706.03(a)(1) of the M.P.E.P. makes clear that if the Examiner determines 
that the claimed invention has a credible utility, the rejection may not be applied. M.P.E.P. 
§706.03(a)(l). 

In considering what constitutes a "credible utility," the Guidelines provide that, to uphold 
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a utility-based § 1 12, first paragraph rejection, a case must represent one of those rare instances 
that meets the stringent criterion of being "totally incapable of achieving a useful result." See 
Brooktree Corp. v. Advanced Micro Devices, Inc.. 977 F.2d 1555 (Fed. Cir. 1992), as discussed 
in the Legal Analysis accompanying the Utility Guidelines (M.P.E.P. § 2107). The only 
instances in which the Federal courts have found a lack of patentable utility were where, "based 
upon the factual record of the case, it was clear that the invention could and did not work as the 
inventor claimed it did" (M.P.E.P. § 2107, emphasis added). These rare cases have been ones in 
which the applicant either (a) failed to disclose any utility for the invention, or (b) asserted a 
utility that could be true only "if it violated a scientific principle, such as the second law of 
thermodynamics, or a law of nature, or was wholly inconsistent with contemporary knowledge in 
the art" (M.P.E.P. § 2107.01). 

In conformance with the Guidelines, Applicant has asserted at least one utility for a 
method for transplantation of progenitor cells as claimed. The methods of the invention can be 
used in the treatment of various neurodegenerative diseases and disorders, wherein the 
transplanted cells will replace diseased, damaged or lost tissue in the host. 

The Utility Guidelines state that "data generated using in vitro assays, or from testing in 
an animal model or a combination thereof almost invariably will be sufficient to establish 
therapeutic or pharmacological utility for a compound, composition, or process" (M.P.E.P. § 
21 07.02(a)). Applicant has provided disclosure in the specification establishing utility in an 
animal model. For example, human neural stem cells were transplanted into rat brain; 
behavioral changes associated with the grafted cells in lesioned animals were assessed; and 
histological analyses were used to examine graft viability, graft integration, and the phenotypic 
fate of the grafted cells. See Specification, Example 8 at page 25. 

Thus, Applicant contends that, for this reason alone, the rejection should be withdrawn. 

B. The Specification Teaches One Skilled in the Art ''How To Use'' the Claimed 
Invention. 

The first paragraph of § 112 requires that, to enable a claimed invention, an application 
must describe "how to use" the invention. According to the Examiner, the specification does not 



Consistent with this standard, in no case has a Federal court required an applicant to support an asserted 
utility with data from human clinical trials. M.P.E.P. § 2107.02(d). 
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teach how to use the claimed method for inducing in vivo migration of progenitor cells 
transplanted to the brain to produce a therapeutic effect. 

Claim 1 has been amended to recite a method for transplanting neural stem cells wherein 
the cells are transplanted to a first locus of the brain, wherein, following infusion of a mitogenic 
growth factor, the cells migrate to a second locus of the brain, integrate into the parenchymal 
tissues, differentiate into neurons, oligodendrocytes, or astrocytes, and retain their 
responsiveness to the mitogenic growth factor. Methods for carrying out the claimed invention 
are described throughout the specification. See, e.g., pages 14-16, 18-20, and 25-26 of the 
specification, and Examples 1, 2, 8, and 9, for detailed disclosure on obtaining, proliferating, and 
transplanting CNS neural stem cells to effect migration, integration, and differentiation of the 
cells foUowdng infijsion of a mitogenic grov^h factor. 

No additional enablement is needed. As stated by the Federal Circuit in Hybritech, Inc. 
V. Monoclonal Antibodies, Inc. . 802 F.2d 1367, 231 U.S.P.Q. 81 (Fed. Cir. 1984): "A patent 
need not teach, and preferably omits, what is well known in the art." 

Thus, Applicant has provided an enabling description of "how to use" the claimed 
invention. Therefore, the "how to use" requirement of § 112 has been satisfied and this rejection 
should be withdravra. 

C. One of Ordinary Skill in the Art Can Use (and Has Used) the Claimed Invention 
Without Undue Experimentation. 

Under 35 U.S.C. § 1 12, first paragraph, lack of enablement is found only if one 
reasonably skilled in the art could not make or use the invention from the disclosures in the 
patent coupled with information known in the art, without undue experimentation. See United 
States V. Telectronics, Inc. , 857 F.2d 778, 785 (Fed. Cir. 1988); In re Wands, 858 F.2d 731, 737 
(Fed. Cir. 1988). Even if the experimentation required is complex, it is not necessarily undue if 
artisans skilled in the relevant art typically engage in such experimentation. See In re Certain 
Limited-Charge Cell Culture Microcarriers , 221 USPQ 1 165, 1 174 (Int'l Trade Comm. 1983). 

The factors used to determine whether experimentation is undue include, but are not 
limited to the following: (1) the breadth of the claims; (2) the nature of the invention; (3) the 
amount of direction provided by the inventor; (4) the existence of working examples; (5) the 
level of predictability in the art; (6) the state of the prior art; (7) the level of one of ordinary skill 
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in the art; and (8) the quantity of experimentation needed to make or use the invention based on 
the content of the disclosure. See In re Wands . 858 F.2d at 737. No one of these factors is 
dispositive and the Examiner must consider the evidence as a v^hole. Id,; M.P.E.P. § 2104.01(a). 
Here, one of ordinary skill in the art v^ould be able to routinely use the described methods to 
transplant CNS stem cells and to induce migration, integration and differentiation of these cells 
via infusion of a grov^h factor. 

According to the Examiner, the instant specification does not disclose w^orking examples 
that demonstrate a therapeutic effect in a diseased animal. In addition, the Examiner states that 
the instant specification fails to provide guidance relating to the amount of cells to inject, the site 
of injection, and the extent of cellular persistence required to provide any therapeutic benefit for 
any disorder. See Office Action at page 3. Applicants respectfully disagree. 

The instant specification teaches that transplantation of cells to the brain of a subject is 
performed by stereotaxic surgery under anesthesia. The specification describes that the number 
of cells to be transplanted is 250,000 - 500,000 cells per deposit. The specification also teaches 
that the cells can be injected into multiple sites of the brain, including the striatum of the brain, 
parenchymal sites of the CNS, and intrathecal sites of the CNS. See Specification at page 25, 
lines 20-23 and page 13, lines 17-18. Furthermore, the specification teaches the placement of an 
infusion cannulae. For example, one such placement is in the lateral ventricle. 

The specification also provides guidance as to the amount of grov^h factor to be infused. 
For example, the specification teaches that the total dose required to induce migration and 
proliferation of transplanted cells will vary from subject to subject, but may be, for example, 
about 400 ng/day of EOF infused. See Specification at page 15, line 22, and Examples 8 and 9. 
Moreover, Applicant has provided several v^orking examples, including Examples 8, 9, and 15, 
which illustrate the transplantation of neural stem cells into rat brain and the induction of in vivo 
proliferation and migration of transplanted progenitor cells in the brain. See Specification, pages 
25 and 30-41 . Thus, Applicant asserts that, contrary to the Examiner's contention, the instant 
specification does provide numerous working examples that demonstrate how to use the claimed 
invention. 

Additionally, the Examiner notes that the claims cover using any type of progenitor cell, 
but the teachings in the specification are limited to using neural stem cells. To expedite 
prosecution. Applicant has amended the claims to specify neural stem cells. 



7 



Attorney Docket No.: 17810-513 (SCI-13) 



Moreover, according to the Examiner, the instant specification fails to provide an 
enabling disclosure because the methods of transplanting neural tissue are not routinely 
successful. To support this position, the Examiner cites Jackowski et ol, British J. of 
Neurosurgery 9:303-17 (1995). Hov^ever, Jackowski et al. relates to the difficulties associated 
v^ith the regeneration of adult mammalian CNS and PNS axons. Jackowski et al does not 
address the transplantation of neural stem cells. In contrast, the methods of the claimed 
invention are directed to the transplantation of neural stem cells . As discussed previously, the 
specification fiilly enables the presently claimed methods. Thus, Applicant contends that those 
skilled in the art would be able to practice the claimed methods without undue experimentation. 

Furthermore, numerous publications reflect the view of those skilled in the art that the 
claimed methods would provide a therapeutic benefit to the host. 

For example, Qu et al. Ageing , 12:1 127-32 (2001) (courtesy copy attached as Ex. 1) 
report that, when human neural stem cells were transplanted into aged rats, the cells 
differentiated into neurons and astrocytes. Moreover, Qu et al also report that both neurons and 
astrocytes migrated into the cortex and hippocampus in a well-defined and organized pattern, and 
that the rats demonstrated significantly improved cognitive fimction. 

Akiyama et al, Exp. Neurol. , 167:27-39 (2001) (courtesy copy attached as Ex. 2) report 
that human neurosphere cultures transplanted into a demyelinated adult rat spinal cord produced 
extensive remyelination and that "the remyelinated axons conducted impulses at near normal 
conduction velocities". 

Kurimoto et al, Neuroscience Letters, 306:57-60 (2001) (courtesy copy attached as Ex. 
3) report that rat neural stem cell cultures transplanted into the eyes of adult rats that underwent 
ischemia-reperfusion injury invaded the retinal ganglion cell layer and the retinal inner nuclear 
layer, and integrated into the host retina where they expressed Map2ab, which indicated that the 
cells had differentiated into mature neurons. Likewise, Nishida et al. Investigative 
Ophthalmology & Visual Science , 41 :4268-74 (2000) (courtesy copy attached as Ex. 4) report 
that transplantation of neural stem cells into mechanically injured adult retina resulted in 
incorporation and subsequent differentiation of the grafted stem cells into neuronal and glial 
lineages. 

Reubinoff et al. Nature Biotech , 19:1 134-40 (2001) (courtesy copy attached as Ex. 5) 
report that "[w]hen human neural progenitors were transplanted into the ventricles of newborn 
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mouse brains, they incorporated in large numbers into the host brain parenchyma, demonstrated 
widespread distribution, and differentiated into progeny of the three neural lineages." 

Mitome et al. Brain , 124:2147-61 (2001) (courtesy copy attached as Ex. 6) report that 
epidermal growth factor-responsive neural precursor cells transplanted into wild-type and 
myelin-deficient shiverer {shi) mice engrafted robustly within the CNS and adopted glial 
phenotypes. Some of these transplanted cells functioned as oligodendrocytes, which produced 
myelin basic protein and morphologically normal intemodal myelin sheaths. 

Milward et al^ J. Neurosci. Res., 50:862-71 (1997) (courtesy copy attached as Ex. 7) 
show that canine CNS neural stem cells transplanted into a shaking {sh) pup myelin mutant dog 
(a model of human myelin diseases) and into the myelin-deficient {md) rat spinal cord resulted in 
the production of myelin by graft-derived cells. Similarly, Zhang et al, Proc. Natl. Acad. Sci. 
USA, 96:4089-94 (1999) (courtesy copy attached as Ex. 8) report that when neural stem cell 
cultures generated from both juvenile and adult rats were transplanted into md rats, those cells 
produced "robust myelination". Likewise, Briistle et g/.. Nature Biotechnol., 16:1040-44 (1998) 
(courtesy copy attached as Ex. 9) describe the implantation of fetal human CNS progenitor cells 
into mice that "acquire an oligodendroglial phenotype and participate in the myelination of host 
axons". Yandava et al, Proc. Natl. Acad. Sci. USA , 96:7029-34 (1999) (courtesy copy attached 
as Ex. 10) show that transplantation of CNS neural stem cells results in "global" cell replacement 
and therapeutically effective remyelination in the dysmyelinated shiverer {shi) mouse brain with 
repletion of myelin basic protein (MBP) and, in some cases, a decrease in symptomatic tremor. 

Flax et al. Nature BiotechnoL , 16:1033-39 (1993) (courtesy copy attached as Ex. 11) 
show that human CNS neural stem cells transplanted into newbom meander tail {mea) mouse 
cerebella provided "replacement neurons" with the "definitive size, morphology, and location of 
cerebellar granule neurons ". 

Fricker et al, J. Neurosci., 19:5990-6005 (1999) (courtesy copy attached as Ex. 12) show 
that when CNS neural stem cells were transplanted into neurogenic regions in the adult rat brain, 
the in vitro propagated cells migrated specifically along the routes normally taken by 
endogenous neuronal precursors, exhibited substantial migration within the non-neurogenic 
region, and showed site-specific differentiation into both neuronal and glial phenotypes. 

Aboody et al, Proc. Natl. Acad. Sci. USA, 97:12846-51 (2000) (courtesy copy attached 
as Ex. 13) expressly state that neural stem cell cultures provide a transplantation "platform" 
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since, upon transplantation, those cells can both continue to express a foreign gene as well as 
migrate in a site specific fashion in host tissue for "dissemination of therapeutic genes". 

Finally, Temple et a/.. Nature , 414:1 12-17 (2001) (courtesy copy attached as Ex. 14) 
review the therapeutic potential of CNS neural stem cells. Specifically, Table 1 summarizes 
numerous CNS transplantation studies assessing stem and progenitor cell behavior and Box 1 
describes a variety of therapeutic uses of transplanted stem cells to repair the nervous system, 
including for the treatment of Parkinson's disease, Huntington's disease, spinal cord injury, 
stroke, and multiple sclerosis. 

Thus, neural stem cells cultures have been shown by many researchers skilled in the art to 
be a useful tool for tissue-specific differentiation to provide a therapeutic benefit when 
transplanted into a host. 

For all the foregoing reasons, the pending claims are enabled and this rejection should be 
withdrawn. 



On the basis of the foregoing, Applicants respectfully request that the rejection of the 
pending claims be withdravra. If there are any questions regarding these remarks, the Examiner 
is encouraged to contact the undersigned at the telephone number provided below. 



CONCLUSION 



Respectfully submitted. 




I^r R. Elrifi (Reg. No.W9,529) 
Christina V. Kamakis (Reg. No. 45,899) 
Janine M. Susan (Reg. No. 46,1 19) 
Attorneys for Applicants 
c/o MiNTZ, Levin,Cohn, Ferris, 



Glovsky and Popeo, P.C. 
One Financial Center 



Boston, Massachusetts 021 1 1 
Telephone: (617) 542-6000 
Telefax: (617) 542-2241 
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Marked-up version showing changes made 

1 . (Amended) A method for [inducing in vivo migration of progenitor] transplantation of at 
least about 500,000 mitogenic growth factor-responsive neural stem cells [transplanted to the 
brain, said method comprising the steps of :] capable of differentiating into neurons, 
oligodendrocytes, or astrocytes to the brain, wherein the cells 

(a) [transplanting said progenitor cells to a first locus of the brain of a subject; and] 
are transplanted to a first locus of the brain of a living host subject; 

(b) [inducing in vivo migration of said transplanted progenitor cells by infiising] 
migrate in vivo after implantation from the first locus to other anatomic sites for integration 
within the nervous system of the host subject following infiision of a mitogenic growth factor 
that does not induce differentiation of the neural stem cells at a second locus of the brain of said 
host subject; 

(c) integrate in situ after implantation into the parenchymal tissues at a local anatomic 
site in the host subject; and 

{ d) differentiate in situ after integration into a cell selected fi'om the group consisting 

of neurons, oligodendrocytes, and astrocytes 

wherein the transplanted neural stem cells retain their in vivo responsiveness to the 
mitogenic growth factor . 

2. (Amended) The method of claim 1, wherein said [progenitor] neural stem cells comprise 

mammalian embryonic progenitor cells. 

) 

3. (Amended) The method of claim [2] i, wherein said first locus is in the striatum of the 
brain, and wherein said second locus is in the lateral ventricle of the brain. 

4. (Amended) The method of claim [3] i, wherein said in vivo migration of step (b) occurs 
towards said second locus. 

5. Cancel 
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6. (Amended) The method of claim 1 , wherein said [progenitor] neural stem cells are 
cultured in media comprising the mitogenic growth factor prior to transplantation. 

— 13. (New) The method of claim 6, wherein said culture is a suspension culture. 

14. (New) The method of claim 6, wherein said culture is an adherent culture. - 
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The capability for in vitfo expansion of human neural stem cells 
(HNSCs) provides a well characterized and unlimited source 
alternative to using primary fetal tissue for neuronal replace- 
ment therapies. The HNSCs, injected into the lateral ventricle 
of 24-month-old rats after in vkro expansion, displayed 
extensive and positional incorporation into the aged host brain 
with improvement of cognitive score assessed by the Morris 



water maze after 4 weeks of the transplantation. Our results 
demonstrate that the aged brain is capable of providing the 
necessary environment for HNSCs to retain their pluripotent 
status and suggest the potential for neuroreplacement thera- 
pies in age-associated neurodegenerative disease. NeuroReport 
12:1 127-1 132 © 2001 Lrppincott Williams & Wilkins. 
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INTRODUCTION 

The discovery of multipotent neural stem cells (NSCs) in 
the adult brain [1,2] has wrought revolutionary changes in 
the theory on neurogenesis, a theory that now suggests 
that regeneration of neurons can occur throughout life. To 
further this revolution, we have recently shov^ that hu- 
man neural stem cells (HNSCs) differentiated and survived 
>3 weeks in basal media without the addition of any 
supplements or exogenous factors [3]. This result suggests 
that HNSCs are capable of producing endogenous factors 
necessary for their own survival and neuronal differentia- 
tion. Together, these recent findings stimulated us to 
investigate the transplantation of HNSCs to deteiTnine 
whether or not the aged brain will provide the necessary^ 
environment needed for a successful HNSC transplanta- 
tion. Here we show, for the first time to our knowledge, 
tl^.at not only did HNSCs expanded in vitro survive 30 days 
alter xenotransplantation, retaining both multipotency and 
migratory capacity, but more remarkably, HNSC trans- 
plantation improved cognitive function in 24-month-old 
rats. 

MATERIALS AND METHODS 

Detailed methods for the maintenance and proliferation of 
HNSCs have been described previously [4]. Briefly, the 
HNSCs were cultured in 20 ml serum-free supplemented 
growth medium consisting of HAMS-F12 (Gibco, BRL, 
Burlington, ON); antibiotic-antimycotic mixture (Gibco); 
B27 (Gibco); human recombinant FGF-2 and EGF (R and D 
Systems, Minneapolis, MN) and heparin (Sigma, St. Louis, 
MO). The cells were incubated at 37^=0 in a 5% CO2 
^>umidified incubation chamber (Fisher, Pittsburgh, PA). 



To facilitate optimal growth conditions, HNP spheroids 
were sectioned into quarters every 2 weeks and fed by 
replacing 50% of the mediiun every 4-5 days. 

Matured (6 months old) and aged (24 months old) male 
Fischer 344 rats were deeply anesthetized with sodium 
pentobarbital (50 mg/kg, i.p.). Using bregma as a reference 
point, about 10^ cells were collected and slowly injected 
into the right lateral ventricle (AP -1.4; ML 1.8; DV 
3.8 mm) of the brain using a stereotaxic apparatus (Devid 
Kopff). Immimosuppressant was not given to the animals. 
The memory score was tested before and after the injection 
of cells using the Morris water maze. 

All animal experiments were conducted in strict accor- 
dance to guidelines of the university animal care commit- 
tee. The Morris water maze was conducted as described 
before [5]. The water maze consisted of a large, circular 
tank (diameter 183cm; wall height 58cm) filled with water 
(27**C) opacified by the addition of powdered milk (0.9 kg). 
Beneath the water surface (1 cm), a clear escape platform 
(height, 34.5 cm) was positioned near the center of one of 
the four quadrants of the maze. The rats received three 
training trials per day for 7 consecutive days, using a 60s 
inter-trial interval. A training trial consisted of placing the 
animal in the water for 90s or until it successfully located 
the platform. If the rat failed to find the platform within 
the 90s it was gently guided to the platform. For spatial 
learning assessment, the platform's location remained con- 
stant in one quadrant of the maze, but the starting position 
for each trial was varied. Every sixth trial was a probe trial, 
during which the platform was retracted to the bottom of 
the pool for 30 s and then raised and made available for 
escape. The training trials assess the acquisition and day- 
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to-day retention of the spaHal task while the probe tes^ are 
used to assess the search strategy. At the '^^'"Pl^*'"" °' 
spatial learning assessment, one session w,th sr^ ^^ ^^ 
cue training was performed. Rats were framed to escape to 
Tvi ble black platform raised 2cm above the surface o^ 
the water. TT,e location of the platform was vaned from 
trial to trial in order to assess sensorimotor and mohva- 
Honal functioning independent of sparial 'earrimg ab^^^ 
Each rat was given 30 s to reach the platform and allowed 
fo remain there briefly before the 30s inter-tnal mtervaL 
Accmacy of performance was assessed usmg a earning 
i.dex s?ore computed from the probe trials. The learning 
Sdex is a derived measure from an average proximity 
"Emulative search error divided by the length of the probe 
Sial) on the second, third, and fourth mterpolaled probe • 
Sals &ores from these trials were weighted and summed 
S moSe an overall measure of spatial learning ability^ 
Lower cores on the index indicate a more -urate search 
in the vicinity of the target locaHon; higher scores mdicate 
a more random search and poor learning. 

At 30 days post-transplantation, the rats were sacrificed 
by an overdose of sodium pentobarbital (70mg/kg i^^) 
and perfused with phosphate buffered salme (PBS) fol- 
lowed by 4% paraformaldehyde. Brams were removed 
placed into 4% paraformaldehyde fixative containing 20 A 
sucrose and left overnight. The brains were sliced mto 
2S ^^coronal sections using a cryomicro.ome. The sections 
were washed briefly in PBS and pretreated with 1 M HCl 
for 30min at room temperature and neutralized with 
sodium borate (0.1 M, pH 8.0) for 30 mm m order to 
ir^crease the accessibility of the anti-bromodeoxyundme 
(BrdU) antibody to the BrdU incorporated m the ceU 
nuclei After rinsing with P^S, sections were transferr^^^^ 
the soluHon containing 0.25% Triton X-100 m PBS (PBgJ 
for 30min. Then the sections were blocked m PBM 
containing 3% donkey normal serum for Ih and mcubated 
with sheep anti-BrdU (1:1000; Jackson IR Laboratories Inc. 
West Grove, PA) or mouse anti-BrdU (1:200; DSHB, Iowa 
City lA) diluted in PBST overnight at 4°C. After rinsmg in 
PBS donkey anti-mouse or donkey anti-sheep conjugated 
to ^hodamine IgG Uackson IR Laboratories, Inc.) was 
added at a 1:200 dilution in PBST for 2h at roonr. tempera- 
ture in the dark. Then the sections were washed with FBb 
and incubated with mouse lgG2b monoclonal anti-hunian 
ftUI-tubulin, clone SDL3D10 (1:500, Sigma), goat anh-hu- 
man-gliar filament protein (GFAP), N-terminal human 
affinity purified (1:200, Research Diagnostics Inc., Flander 
Nl) and Mouse IgGl monoclonal anH-GFAP, clone G-A-5 
(1:500, Sigma), respectively, overnight at 4 C m the dark. 
The corresponding secondary antibodies for them were 
donkey anri-mouse (1:200) and donkey anti-goa IgG 
(H-fL- 1:200) conjugated to ETC (Jackson IR Laboratories, 
Inc) respectively. Following a brief PBS washing, they 
were added into sections (or 2h incubation at room tem- 
perature in the dark. Sections were then washed thor- 
ouRhlv with PBS before mounting fo glass glides^ The 
mounted sections were covered with Vectashield with 4 ,6- 
diamidine-2-phenvlindole.2HCl (DAPl, Vector Labora- 
tories Inc., Burlingame, CA) for fluorescent microscopic 
obser^'aHon. Microscopic images were taken by usmg the 
Axiocam digital camera mounted on the Axioscope 2 with 
Axiovision software (Zeiss). 
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The HNSCs were expanded without differentiation under 
the influence of mitogenic factors in supplemented serum- 
free media [3]. To differentiate between 
planted cells, the nuclei of the HNSCs v^re labded by *e 
Lorporation of BrdU into the ^NA. These labded e 
were subsequenfly injected unilaterally mto he late al 
ventricle of mahired (6-month-old) and aged (24-month- 
old) rats. The cognitive function of these ammals was 
: sessed by the Morris water maze (5] be ore and 4 wgs 
after the transplantation of HNSCs. Before the HNSCs 
transplantation, some of the aged animals aged memoo^ 
unimpaired animals) had cognitive function m the range of 
rTahired animals, while others (aged memory mipa.red 
animals) had cognitive hinction entirely out of the range o 
the mahired animals (Fig. la). After the HNSC transplanta 
tion, most of the aged animals had co^iitive ^ 
the range of the matiired animals. Stinkmgly, one of the 
aged memory impaired animals displayed behavior that 
was dramatically better than the levd of the marred 
animals (Fig. la). Statistical analysj showed that co^^ve 
hmction significantly improved '"^^7. 
(p<0.001, n = 8) and aged memory impaired anin^als 
p < 0 001, n = 6). In contrast, no improvement m cognitive 
fiction was observed in vehicle injected control an.mak 
(„ = 6), or aged memory unimpaired ammals ("-/) alter 
the HNSC transplantation (Fig. lb). Three of the 13 aged 
animals showed deterioration of performance m the water 
maze after the HNSC transplantation. This fact needs to be 
hirther analyzed, but this may be due to the detenoration 
of the physical stiength of these ammals durmg the 

^''^."i^StigatTthe morphology and population of differ- 
entiated HNSCs, we hirther analyzed brain sections taken 
after the second water maze task by in^^ohistochenus- 
tiY with cell specific markers. The transplanted HNSCs, 
with BrdU-immunopositive nucld, were stained for human 
Rffl-tubulin and human GFAP. Double immunolabelmg 
with Bin-hibulin and BrdU in 3 different planes from the 
same microscopic view clearly shows ti.e co-localizahon of 
these two signals in the same cdls (Fig. 2). Accordmg to 
J^f mLfac^Irer's description, the anti-pill-tubulm anti- 
body may recognize the host (rat) pUl-hibulm. Despite th^s 
the 'specific co-Salization of these Pl"-^hulin and BrdU 
at different planes indicates that the majority o p ll- 
tubulin-immunopositive cells are indeed ^ansplanted 
SnSCs. This may due to the fact that pill-tubulm ,s mainly 
expressed in immahire neurons, the majority of which are 
trLplanted HNSCs in this stiidy. The presence of th^e 
cell-specific antigens indicates that the hransplanted HNSCs 
successhilly differentiated into neurons and asti-ocytes, 
respectively. Immunohistochemical analysis of bra m sec- 
tions revealed cdls intensely and extensively positive for 
human pill-tubulin staining. Specifically, these cdls were 
located primarily in the bilateral cingular and parietal 
c^rtexes (laver 11, IV and V; Fig. 3a,b) and hippocampus 
(CAl dentate evrus and CA2; Fig. 3c e). 
* tratsplanted HNSCs also differentiated mto GFAP- 
immunoposltive staining cells locabzed near the area 
uhere neuronal cells were found^ Further analysis with 
double immunostaining revealed tha donor-denved astro- 
cytes co-localized wifli the neuronal fibers m the coriex 
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Fie I Effect of HNSC transplanution on memory score in the water maze, (a) Individual memory score before f "^.^^^'•^^^^"^P ^"^^^^^^^ 
i 'toiemlt n^^^ of the animals. ■: Aged memory impaired animals, 3: Aged memory unimpaired animals. ■: Matured an.mals (b) M^n of 

improvement in the "^^I^^^^^^^^ ^ . ^ ^ ^^^^ transplantation shows a significant improvement in aged memory impaired and 

;:Z1rZ^^. ^e^lTlf ^eivJ ^U^:r.o. show .gnLn. difference In .en,or, scores between before m after (■) the 

injection. 




Fig 2 Co-localization of pni-tubulin and BrdU immunoreactivity in the same cells, (a-c) Three different planes of the sarne microscopic view. The 
Plll-tubutin-posiuve cells (green) show BrdU-positive nuclei (red) indicating that these celts are derived from transplanted HNSCs. 
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layer HI (Fig. 30 and CA2 region of hippocampus (Fig. 3e). 
These donor-derived astrocytes were large compared with 
host glia, having cell bodies 8-10 pm in diameter with 
thick processes and BrdU-immunopositive nuclei (Fig. 3g). 



We did not detect the above-mentioned morphologies and 
distriburion of GFAP positive cells in the control rats that 
received no HNSC transplantarion. When we stained with 
an anri-GFAP antibody that recognizes rat GFAP (Sigma, 
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done G-A-5), the host astrocytes had small cell bodies with 
mulHple delicate processes, which were distnjuted mamly 
Z the while matter and around the edge of the brain (data 
not shown). 

DISCUSSION . . ^ . 

There are two possible mechanisms to explain the bene- 
ficial effects of the HNSC transplantation on cognitive 
function of the host brain. One is replacenjent or augmen- 
^on of neuronal circuit by the HNSC-denved neuro^ 
and other is the neurotrophic action of factors released 
Tom the transplanted HNSCs. Although the following 
morphological study shows extensive ^/^^H'oration o 
HN»:s and massive growth of neuronal ^bers in the hos^ 
brain area related to spatial memory task HNSCs may shU 
migrate toward the damaged neurons and rescue them by 
the production of neurotrophic factors. Therefore, a syrier- 
gisni between these two mechanisms may exist and allow 
for the successful transplantation. . • 

Since the spatial memory of HNSC-transplanted anunals 
as assessed by the Morris water maze improved, incor- 
poration of HNSCs into the brain areas known to be 
related to spatial memory [5,61 allowed for an improve- 
r^ent in spaHal memory. Although pni-tubulm is consid- 
ered to be an early neuronal marker and physiological and 
electromicroscopic investigations will be -"^q^'^f^to deter- 
mine the functional incorporation of "NSC-denyed 
neurons, the morphological observation mdicafes that func- 
tional association of these cells to the host bram occurred. 
Further histochemical analysis revealed that *e Pm-tubu 
lin-positive donor-derived cells found in the cerebral cortex 
were characterized by having dendrites pomting to the 
edge of the cortex whereas in the hippocampus, donor- 
derived neurons exhibited morphologies with multiple 
processes and branches. These differenHal morphologies of 
{he transplanted HNSCs in different brain regions mdicale 
that site-specific differentiation of HNSCs occurs accordmg 
to various factors expressed in each bram region. 

We observed strong astrocyte staining m the frontal 
cortex layer 3 and CA2 region of hippocampus, areas 
where astrocytes are not normally present in the animal. 
The migration of HNSCs to the CA2 raises particular 
interest because CA2 pyramidal neurons highly express 
bFGF and the expression of bFGF is up-regulate^^ by 
entorhinal cortex lesions 17-9). The CA2 pyramidal neur- 
ons in the host brain may express bFGF as a response to a 
reduction of synaptic transmission, an event that may 



occur during aging. Subsequently, this expressed bFGF can | 
" as a "^al for the transplanted HNSCs to respond 
migrate and/or proliferate under the mfluence of bFGF ^ 
or^uced in the host brain after the transplantation^ 

The regions rich in astrocyte staining are also the same 
regions where the extensively stained neuronal fibers were 
identified (Fig. 3a,c,e). During development glial cells have 
many complex functions, such as neuronal and axonal 
Snce, and production of trophic factors (lO]. It has 
been suggested that following transplantation, migrating 
glial cells guide and support the growth and extension of 
neuronal fibers 111]. However, other shidies have argued 
that glial cells may be detrimental by forming an extensive 
*?erface between' the host and graft 112]. Althou^ *e 
mechanism(s) of glia-neuron interaction /"^e HNSC- 
transplanted host brain is not weU understood, this over- 
lapping distribution of glial and neuronal fibers strongly 
suggests that this interaction plays a pivotal role in he 
survival, migrafion, and differenfiation of transplanted 

"^^most significant difference in our experimental 
procedure is the lateral intraventricular transplantation ot 
undifferentiated HNSCs in" the form of neuro-spheroids. 
While many studies were done with i^'f ""Jf 
of dissociated and partially differentiated NSCs [4,13-15], 
we employed spheroid injection because the dissociation 
of neuro-spheroids is known to cause immediate senes- 
cence of NSCs and increase the vubierability of NbLs in 
culture [16]. Another added benefit of intraventricular 
injection is that since there is less fissue deshruction, it may 
induce less recruitment of immune cells by the host. This 
is evidenced by the lack of increased host astrocyte 
staining without any immunosuppression. The mechanism 
behind transplanted cell migration into the bram through 
the ventricle is as yet still unknown. However, our results 
indicate that the mechanism may Ue behmd a direct 
integration into the host brain. Specifical y, immunoh.sto- 
cheScal analysis revealed that some of the BrdU cell 
were found to be situated along the lateral ventricular wall 
while a few appeared to have integrated directly mto the 
cells lining the ventricle. Similar observafions were re- 
ported in a variety of studies using neuronal transplan a- 
Hon to the lateral ventricle of animals. The intraventricular 
transplantarion used in this study may provide an alter- 
narive route to the site-specific injecfion by which he 
grafted cells may gain access to various structures by tne 
flow of CSF. 



—7 J , Kr,in 10 davs after HNSC transplanution. We used pill-tubulin and GFAP 

Fig. 3. Typical fluorescent immunohistochemical pictures .n the ^^^f^^^ ^^^l^' ^ l>ne^ and differentiated into neurons as indicated by the 
immunoreactivity as markers for neuron and glia. respectively, (a) HNSCs ""g>^'^^ "° ^ y , ^^e parietal cortex. Apical dendrites were 

pTtTbur-posi^ve cells (green), which ^-e n,orphologie. typ.a. o^p^^^^^^^^^ "efL^ the t^V-tion.'the transplanted cells wil, have BrdU- 

pointed towards to the edge of the cortex. Since we '="'«'^«'_"N^^^.^^^^^XdAP1 (blue). Many cells with BrdU-positive nuclei are c,bserved with pill- 
positive nuclei (red). Contrarily. the host cell's nuclei are in the layer III (b) Higher magnification of the parietal cortex ,n cortex 

tubulin immunoreaaivity in layer II and without pi l -tubulin ---"-^"^^ ' o itle nuci ( ed) w'hile many other host cells nuclei are stained with 
layer IV: All the pill-tubulin-immunoreactive P.^'^^" ' nto'the hippocampus and differentiated into p ll-tubuhn 

only DAPl (blue). HNSCs tend to have larger nude, than .l^;" ; „ll layer. These pill-tubulin-positive cells have BrdU-positwe- 

positive cells (green), having morphologies typical of P/-""''''^^'^ '"^ cell nuclei counterstained with DAPl (blue are not pill- 

nuclei (red), indicating that these cells originated from '^"^P ' '"J^^^J ' and pill-tubulin-positive cells (green), (e) In the dentate 
tubulin-positive. (d) Hippocampus CA2 shows a '^f^ J^^l^p °' J^'^; f.Lrs were pill-tubulin positive. (I) pill-tubuhn-positive eel s 

gyrus-as well as the pill-tubulin-positive cells (green) nd GFAP-^^t ve CI ' ^^^^ ,,en such a layer of astrocytes ,n normal nts 

" * ^- ' 

than the host (rat) astrocytes. 
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Following intmunohistochemistry, a symmetrical distri- 
bution of neurons and astrocytes at both sides of the host 
brain was observed, indicating that the progeny of these 
HNSCs have a great potential for migration. Although 
astrocytes have been shown to migrate over long distances 
following transplantation [17-19], there is experimental 
evidence showing that neurons do not migrate as widely 
as glial cells [20]. In our study, the neuronal precursors 
derived from the HNSCs seem to possess similar migratory 
ability as the astrocyte precursors. This may be due to the 
fact that we transplanted undifferentiated HNSCs and such 
an immature stage for both glia and neuron possesses the 
potential to migrate over long distances. The extensive 
incorporation of neuronal and glial cells found in the 
cortex and other sub-regions of the hippocampus may be 
interpreted as evidence for the significance of local cues or 
signals within these regions which enable these grafted 
NSCs to migrate. It remains to be demonstrated, however, 
to what extent these newly formed neurons can undergo 
complete maturation with physiologically functional con- 
nections to the host brain. 

Many studies have discovered the existence of endogen- 
ous precursor cells in certain regions of the brain. These 
regions include the anterior subventricular zone (SVZ) and 
the hippocampal dentate gyrus, areas where neurogenesis 
continues into adulthood in marrunalian species, including 
humans [21-23]. The presence of multipotent neural cells 
in the adult brain similar to the fetal neural stem cell in 
these brain regions indicates the importance of microenviron- 
ments to neural progenitors. Aging is characterized by 
increased levels of inflammation in the CNS [24,25]. Thus, 
it is reasonable to speculate that factors existing in the 
environment of the aged brain may direct the non-neuro- 
nal differentiation pathway. However, in our current 
study, the transplanted HNSCs successfully generated 
many morphologically functional neurons in the aged 
animals. In a previous study, we observed that initial glial 
differentiation of HNSCs was followed by neuronal differ- 
entiation in a serum-free culture media without any addi- 
tional factor [3]. This finding suggests that glial 
differentiation caused by the serum deprivation produced 
factors that allowed neurons to differentiate. Since we 
observed an association of astrocytes and neurons derived 
from HNSCs in this study, we may have to consider the 
possibility that the donor astrocytes may direct the neuro- 
nal differentiation. 



CONCLUSION 

In order to facilitate therapeutic HNSC application to the 
general adverse consequences of aging and neurodegenera- 
tive diseases, it is important to understand these environ- 
mental factors which direct the differentiation fate of these 
HNSCs to diverse lineages in vivo. While future studies are 
needed to elucidate these environmental factors, we have 
none the less demonstrated that HNSC transplantation into 
the brains of aged memory impaired rats significantly 
improved their cognitive function. Moreover, not only did 
the HNSCs successfully differentiate into neuror\s and 
astrocytes, but more importantly, both neurons and astro- 
cytes migrated to the cortex and hippocampus in a well- 
defined and organized pattern in the adult brain. 
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We examined the myelin repair potential of trans- 
planted neural precursor cells derived from the adult 
human brain from tissue removed during surgery. 
Sections of removed brain indicated that nestin-posi- 
tive cells were found predominately in the subven- 
tricular zone around the anterior horns of the lateral 
ventricle and in the dentate nucleus. Neurospheres 
were established and the nestin-positive cells were 
clonally expanded in EGF and bFGF. Upon mitogen 
withdrawal in vitrOy the cells differentiated into neu- 
ron- and glia-like cells as distinguished by antigenic 
profiles; the majority of cells in cultiu^e showed neuro- 
nal and astrocytic properties with a small number of 
cells showing properties of oligodendrocytes and 
Schwann cells. When transplanted into the demyeli- 
nated adult rat spinal cord immediately upon mitogen 
withdrawal, the cells elicited extensive remyelination 
with a peripheral myelin pattern similar to Schwann 
cell myelination characterized by large cytoplasmic 
and nuclear regions, a basement membrane, and PO 
immim ©reactivity. The remyelinated axons conducted 
impulses at near normal conduction velocities. This*' 
suggests that a common neural progenitor cell for CNS 
and PNS previously described for embryonic neuroep- 
ithelial cells may be present in the adult human brain 
and that transplantation of these cells into the demy- 
elinated spinal cord results in functional remyelina- 
tion. o 2001 Academic Press 

Key Words: neural precursor cells; axon; demyelina- 
tion; glia; myelin; multiple sclerosis; Schwann cell. 



INTRODUCTION 

Multipotent precursor or stem cells are present in 
the mammalian central nervous system (CNS) during 
development and in the adult brain (16, 26, 33, 38, 42, 
48). A recent study has demonstrated that neuro- 
spheres can be developed from multipotent/progenitor 
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cells from neurogenic regions of the adult human brain 
(30). Neural precursor cells can be isolated and ex- 
panded in culture in the presence of mitogens such as 
epidermal growth factor (EGF) or basic fibroblast 
growth factor (bFGF) (8, 17, 20, 27, 53). After with- 
drawal of the mitogens and with appropriate growth 
factors or substrates these cells can differentiate into 
neurons or glia (44, 48). When transplanted into the 
embryonic or neonatal CNS both neurons (6, 50, 53) 
and oligodendrocytes (20, 37) have been generated. 
These cells appear to differentiate and integrate into 
the host CNS because they form functional synapses 
(neurons) and myelinate (oligodendroctyes) axons. 
However, when injected into the adult CNS, stem cells 
differentiate into primarily astrocytes (35). These re- 
sults indicate that environmental signals may direct 
the specification of cell lineage. 

Multipotential neural progenitor cells derived from 
the fetal human brain propagate and differentiate in 
culture and in vivo (10, 39, 52). Progenitor cells from 
adult animals have been cultured from the subependy- 
mal zone (SEZ) (25, 26, 38, 48), the subventricular zone 
(SVZ) (33, 38), the hippocampus (16, 42), and the spinal 
cord (27, 40, 46). A recent study suggested that ependy- 
mal cells may be a source of progenitor cells (25), but a 
GFAP-positive cell distinct from, but adjacent to, 
ependymal cells has been recently implicated as the 
primary neural progenitor cell type of the subventricu- 
lar region (13). 

While oligodendrocytes normally myelinate CNS ax- 
ons, Schwann cells can remyelinate CNS axons after 
injury (14) and following transplantation into the de- 
myelinated CNS (4, 22). Schwann cells can be derived 
from single cell clones of neural crest cells (31). Muj- 
taba et al. (40) have distinguished a common neural 
progenitor for the PNS and the CNS. They found that 
cultured neuroepithelial cells derived from embryonic 
rat spinal cords can differentiate into CNS precursors 
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TABLE 1 



Tissue Derivation Sites for Cultures from Patients with Lobe Resections for Tumor Removal 


Case 


Age/sex 


Diagnosis 


Location 


Culture 


1 


35/F 


Glioma 


Frontal lobe (SVZ/SEZ) 


+ 


2 


19/M 


Glioblastoma 


Frontal lobe (SVZ/SEZ) 


+ 


3 


64/F 


Glioblastoma 


Temporal cortex 




4 


62/F 


Glioma (low grade) 


Temporal lobe, hippocampus 


+ 


5 


44/F 


Glioma (low grade) 


Frontal cortex 





Note. The patients ranged in age from 19 to 64 years old and all had a diagnosis of glioma or glioblastoma. Neural progenitor cells were 
cultured from frontal and temporal lobe tissue which included periventricular, subependymal, or subventricular zones. Cultures derived from 
frontal or temporal cortex did not yield neural progenitor cells in culture. 



which can differentiate into CNS neurons and glia and 
PNS precursors which can differentiate into neural 
crest cells which give rise to peripheral neurons, 
Schwann cells, and smooth muscle. Recently, 
Keirstead et aL (28) demonstrated that immuno- 
selected precursor cells from neonatal rat forebrain 
expressing the polysialyated (PSA) form of the neural 
cell adhesion molecule (NCAM), which mostly generate 
oligodendrocytes and astrocytes in vitro, can produce 
peripheral myelin in vivo. 

To test the ability of neural precursor cells derived 
from the adult brain to differentiate into myelin-form- 
ing cells and repair the adult demyelinated CNS, we 
transplanted clonal neural progenitor cells derived 
from the adult human brain into an experimentally 
established glial-free zone in the dorsal columns of the 
rat spinal cord. Although these precursor cells differ- 
entiated upon mitogen withdrawal in culture into neu- 
rons and astrocjd^es and to a lesser extent oligodendro- 
C3rtes, when transplanted into a demyelinated glial-free 
zone of the adult rat spinal cord, they extensively re- 
myelinated the axons and restored near normal con- 
duction velocity. The majority of the myelinated axons 
displayed a peripheral pattern of myelination which is 
characterized by PO immunoreactivity, large nuclear 
and cytoplasmic regions of the myelin-forming cells 
surrounding the axons and a basement membrane. 
These data provide evidence that clonal neural precur- 
sor cells derived from the adult brain can give rise to 
Schwann-like cells which form functional myelin when 
transplanted into an axon-enriched glial-free environ- 
ment of adult central white matter. Thus, these data 
suggest that a common neural progenitor cell for the 
CNS and the PNS described for embryonic neuroepi- 
thelial cells (40) may also be present in the adult hu- 
man brain. 

METHODS 

Derivation of Adult Human Tissue 

Brain tissue was obtained from five patients under- 
going lobe resection for tumor (glioma) removal (Table 



1). Either tissue was fixed and prepared for sectioning 
and immunohistochemistry or selective regions were 
dissociated for preparation of neurospheres. As our 
cells were derived from the adult human brain re- 
moved because of glioma, criteria were established to 
distinguish the neurospheres from the glioma cells. 
First, when cultured alone the glioma cells did not float 
but adhered to the bottom of the culture flasks. More- 
over, they continued to propagate even when they be- 
came confluent; the neurosphere-derived cells stopped 
dividing upon becoming confluent. We also removed 
tissue from regions remote from the site of the glioma. 
The glioma cells continued to propagate with and with- 
out the presence of mitogens. The proliferative proper- 
ties of the glioma cells, their adherence to the bottom of 
the flasks, and their inability to produce small floating 
cells that coalesce to form neurospheres indicate that 
these cells were likely not present in the neurosphere 
cultures utilized for this study. 

Nestin Immunoreactivity in Brain Slices 

The whole human brain was obtained from a cadaver 
of a 24-year-old female. The cerebral cortex, subven- 
tricular zone, and hippocampus were fixed with 4% 
paraformaldehyde in 0.14 M Sorensen's phosphate 
buffer (pH 7.4) at 4°C for 24 h and dehydrated with 
30% sucrose in 0.1 M phosphate-buffered saline (PBS) 
for overnight. The tissues were then placed in OCT 
compound (Miles Inc.) and frozen in Hquid N2, and 
10-fxm sections were cut with a cryostat. Sections were 
dried onto silane-coated slides. Immunohistochemistry 
was carried out using an anti-nestin antibody (nestin; 
1:5000 anti-monoclonal mouse anti-nestin, Chemicon). 
The primary antibody was visualized using Vectastain 
ABC-AP mouse IgG kit (Vector Laboratories) and al- 
kaline phosphatase substrate kit 4 (BCIP/NBT; Vector 
Laboratories) according to the manufacturer's instruc- 
tion. After immunostaining, slides were covered by 
coverglasses using Crystal/Mount (Biomeda Corp.). 
Photographs were taken on a Zeiss microscope (Axio- 
skop FS). 
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Primary Culture of Adult Human Neural Precursor 
Cells 

Tissue samples were obtained from frontal cortex, 
temporal cortex, hippocampus, and the subventricular/ 
subependymal zone of the frontal lobe in adult humans 
operated on to remove brain tumors (summarized in 
Table 1). The samples were dissected in L-15 medium; 
rinsed; enzymatically treated in L-15 containing 0.01% 
DNase I, 0.25% trypsin, and 0.1% collagenase at 37°C 
for 30 min; and mechanically dissociated by brief trit- 
uration with a fire-polished silicon-coated Pasteur pi- 
pette. The cells were collected by centrifugation, resus- 
pended in serum-free medium (NPMM, neural progen- 
itor cell maintenance medium, Clonetics, San Diego, 
CA) supplemented with 10 ng/ml bFGF and 10 ng/ml 
EGF, and plated onto 100-mm^ laminin-coated tissue 
culture plates at 8 X 10^ cells per plate. The next day, 
the cells were resuspended and then plated onto 100- 
mm^ noncoated culture plates. Six hours later, the 
supernatant was collected and replated onto 100-mm^ 
noncoated culture plates. Cells were maintained at 
37°C in 5% C02/95% O2. bFGF and EGF were added 
daily and culture medium was changed weekly. Spher- 
ical masses (i.e., neurospheres) became visible after 
7-10 days in culture. 

Clonal Expansion and Induced Differentiation of 
Adult Human Neural Precursor Cells 

A spherical mass of cells in the primary culture dish 
was collected under microscopy and was dissociated by 
incubation in HBSS containing 0.05% trypsin and 
0.01% DNase 1. The dissociated cells were cloned by 
limiting dilution in 96-well plates. After the single cell 
expansion, a spherical mass of cells in the secondary 
culture was collected and the same procedure was re- 
peated for further subcloning. In all processes, cells 
which were not dissociated well were discarded to 
avoid contamination. " 

Differentiation of the clones was initiated by enzy- 
matically and mechanically dissociating the cellular 
sphere (neurosphere) and culturing on polyethylenei- 
mine-pretreated plates in the absence of mitogen. 

Phenotypic Analysis in Vitro: Immunocytochemistry 

Cultured cells were rinsed in PBS and fixed for 15 
min with a fixative solution containing 4% paraformal- 
dehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4, 
4°C- FLxed cells were incubated for 15 min in a blocking 
solution containing 0.2% Triton X-100 and 5% normal 
goat serum before incubation with the primary anti- 
body. The primary antibodies used were anti-a-micro- 
tubule-associated protein 2 (MAP-2; 1:10,000 monoclo- 
nal mouse anti-MAP-2, Upstate Biotechnology), anti-r 
(t 1:1,000 monoclonal mouse anti-r, Sigma), anti-j3- 
tubulin type 111 (TUJ-1; 1:500 monoclonal mouse anti- 



TUJ-1, Babco), anti-neurofilament (NF; 1:1,000 mono- 
clonal mouse anti-NF, Nitirei), anti-neuron-specific 
enolase (NSE; 1:1,000 polyclonal rabbit anti-NSE, 
Nitirei), anti-glial fibrillary acidic protein (GFAP; 
1:200 polyclonal rabbit anti-GFAP, Nitirei), anti-04 
(04; 1:100 monoclonal mouse anti-04, Boehringer 
Mannheim), anti-galactocerebroside (GalC; 1:200 
monoclonal mouse anti-GalC, Boeringer Mannheim), 
anti-nestin (nestin; 1:5,000 monoclonal mouse anti- 
nestin, Chemicon), anti-A2B5 (1:100 monoclonal 
mouse anti-A2B5, Boehringer Mannheim), anti-vimen- 
tin (Vim; 1:100 monoclonal mouse anti-Vim, Nitirei), 
anti-peripheral myelin protein (PO; 1.200 monoclonal 
rabbit anti-PO antibody, kindly provided by Dr. D. Col- 
man), and anti-S-100 protein (S-100; 1:1000 polyclonal 
rabbit anti-S-100, Nitirei). Triton-X was omitted in the 
reaction with A2B5, GalC, and 04 primary antibody. 
The primary antibody was visualized using goat anti- 
mouse and goat anti-rabbit IgG antibody with fluores- 
cein (FITC) (1:100, Jackson ImmunoResearch Labora- 
tories, Inc.) or alkaline phosphatase reaction (Z3niied) 
according to the manufacturer's instructions. After im- 
munostaining, coverslips were mounted cell side down 
on microscope slide using mounting medium (Dako). 
Photographs were taken on a Zeiss immunofluorescent 
microscope (Axioskop FS). 

LacZ Transfection into the Clonal Adult Human 
Neural Precursors 

An expression vector for mammalian cells which con- 
tains the LacZ gene was used to transduce the bacte- 
rial jS-galactosidase (jS-gal) gene into clonally expanded 
neural precursors derived from the human brain. 
Clones of neural precursors were transfected by 
pcDNA3.1/His/LacZ (Invitrogen) constructed by clon- 
ing the )3-gal gene into the pcDNA vector. The CMV 
provided the promoter for the j3-gal gene. The simian 
virus 40 early promoter and the neomycin resistance 
, gene, transmitting G418 resistance, are present down- 
stream from the j3-gal gene to permit selection of trans- 
fected colonies. Lipofectamine (20 ^Jig/m\; Gibco) was 
used to transfect the expression vector pcDNA3.1/His/ 
LacZ (10 fig/ml) to cultured precursors, which were 
rapidly proliferating under the influence of mitogen. 
Transfected precursors were then selected by incuba- 
tion with the neomycin analogue G418 (400 /xg/ml). 
Five rats received transplants from neuroprecursors 
transfected with the LacZ gene. 

Animal Preparation and Transplantation 

Experiments were performed on 12-week-old Wistar 
rats (8 unoperated controls, 10 demyelinated, and 15 
demyelinated with transplants). The transplant exper- 
iments in = 15) were carried out in three groups of 5 
rats for a repeat of three times. A focal demyelinated 
lesion was created in the dorsal column of the spinal 
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cord using X-irradiation and ethidium bromide injec- 
tion (EB-X) utilizing a method similar to that of Hon- 
mou et al (22). Briefly, rats were anesthetized with 
ketamine (75 mg/kg) and xylazine (10 mg/kg) ip, and a 
40-Gy surface dose of X-irradiation was delivered 
through a 2 X 4-cm opening in a lead shield (4 mm 
thick) to the spinal cord caudal to the 10th thoracic 
level (T-10) using a Softex M-150 WZ radiotherapy 
machine (100 kV, 1.15 mA, SSD 20 cm, dose rate 200 
cGy/min). Three days after irradiation, rats were anes- 
thetized as above and, using sterile technique, a lami- 
nectomy was performed at T-11. The demyelinating 
lesion was induced by the direct injection of EB into the 
dorsal column via a drawn glass micropipette. Injec- 
tions of 0.5 ^1 of 0.3 mg/ml EB in saline were made at 



depths of 0.7 and 0.4 mm near the midhne of the dorsal 
columns at three longitudinal sites separated by 2 mm. 
A suspension of clonal progenitors (1 X 10^ cells//Lil) in 
1m1 medium was injected into the middle of the EB-X- 
induced lesion 3 days after the EB injection. Trans- 
plant-receiving rats were iramunosuppressed with cy- 
closporin A (10 mg/kg/day, sc, kindly provided by No- 
vartis Pharma AG, Basel, Switzerland). 

Histological Examinaticn 

The rats were deeply anesthetized with sodium pen- 
tobarbital (50 mg/kg, ip) and perfused through the 
heart, first with PBS and then with a fixative solution 
containing 2% glutaraldehyde and 2% paraformalde- 
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FIG. 2. Cell difierentiation in culture after mitogen removal- 
Phase contrast photomicrographs showing a neuron-like cell (A, left), 
an astrocyte-like cell (B, left), and an oligodendrocyte-like cell (C, 
left). Immunolabeling of the cells with anti-MAP-2 (A, right), anti- 
GFAP (B, right), and anti-GalC (C, right) indicates neuronal, astro- 
cytic, and oligodendrocytic phenotypes, respectively. The primary 
antibody was visualized using goat anti-mouse and goat anti-rabbit 
IgG antibody with alkaline phosphatase reaction. Bar, 25 fxm. 



hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Following in situ fixation for 10 min the spinal cord 
was carefully excised, cut into l-mm segments, and 
placed into fresh fixative. The tissue was washed sev- 
eral times in Sorensen's buffer, postfixed with 1% OsO^ 
for 2 h at 25°C, dehydrated in graded ethanol solutions, 
passed through propylene oxide, and embedded in 
EPON. Thick sections (1 /xm) were cut, counterstained 
with 0.5% methylene blue, 0,5% azure II in 0.5% borax, 
and examined with a light microscope (Zeiss: Axioskop 
FS). Semithin sections were counterstained with ura- 
nyl and lead salts and examined with a JEOL 
JEM1200EX electron microscope operating at 60 kV. 

Detection of p-Galactosidase Reaction Products in 
Vitro and in Vivo 

j3-Gal-expressing cells were detected in vitro by in- 
cubating the cultured neurospheres with X-Gal to form 
a blue color within the cell (data not shown), Neuro- 
spheres were fixed in 0,05% glutaraldehyde, washed 
with PBS, and then incubated with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer (35 mM 



K3Fe(CN)6/35 mM K4Fe(CN)6.3H20/2 mM MgCU in 
phosphate-buffered saline). Cells were then incubated 
at 37'^C overnight and examined by light microscopy 
for the presence of a blue reaction product. 

Three weeks after transplantation, )3-galactosidase- 
expressing Schwann-like cells were detected in vivo. 
Spinal cords were removed and fixed in 0.5% glutaral- 
dehyde in phosphate buffer for Ih. Sections (100 /xm) 
were cut with a vibratome and p-galactosidase-ex- 
pressing Schwann-like cells were detected by incubat- 
ing the sections at 37°C overnight with X-Gal to a final 
concentration of 1 mg/ml in X-Gal developer to form a 
blue color within the cell. The slices were then fixed in 
10% paraformaldehyde in phosphate buffer overnight, 
dehydrated, and embedded in paraffin. Transverse sec- 
tions (3 ^tm) were cut and examined by light micros- 
copy (Zeiss; Axioskop FS) for the presence of a blue 
reaction product (j3-galactosidase reaction product). 

Phenotypic Analysis in Vivo: Immunohistochemistry 

Three weeks after transplantation, the peripheral 
myelin protein PO-expressing myelin-forming cells 
were detected in vivo. The rats were deeply anesthe- 
tized with sodium pentobarbital (50 mg/kg, ip) and 
perfused through the heart, first with PBS and then 
with a fixative solution containing 10% paraformalde- 
hyde in 0.14 M Sorensen's phosphate buffer, pH 7.4. 
Spinal cords were removed, fixed in 10% paraformal- 
dehyde in phosphate buffer for overnight, dehydrated, 
and embedded in paraffin. Transverse sections (3 /ixm) 
were cut. Paraffin wax-embedded sections were de- 
waxed in xylene and treated with 1% hydrogen perox- 
ide. Monoclonal rabbit anti-PO antibody (1:200), poly- 
clonal rabbit anti-NSE antibody (1:1000), and poly- 
clonal rabbit anti-GFAP antibody (1:200) were applied. 
The primary antibody was visualized using goat anti- 
rabbit IgG antibody with peroxidase reaction. The nu- 
cleus was counterstained with hematoxylin. After de- 
hydration with 70% alcohol, coverslips were mounted 
tissue side down on microscope slide using mounting 
medium (Dako). Photographs were taken on a Zeiss 
microscope (Axioskop FS). 

Field Potential Recording 

After induction of deep anesthesia (sodium pentobar- 
bital 50 mg/kg, ip), the spinal cords of control in = 5), 
demyelinated in = 5), and transplanted rats (n 5) 
were quickly removed and maintained in an in vitro 
submersion-type recording chamber with a modified 
Krebs^ solution (containing 124 mM NaCl 26 mM 
NaHCOg, 3mM KCL 1.3 mM NaH^PO^, 2 mM MgClj, 
10 mM dextrose, 2 mM CaCU; saturated with 95% O2 
and 5% CO2) (Fig. 6A), Field potential recordings of 
compound action potentials were obtained with glass 
microelectrodes (1-5 MH; 1 M NaCl) positioned in the 
dorsal columns, and signals were amplified with a 
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high-input impedance ampHfier (Axoclamp 2A; Axon 
Inc.) and stored on a digitizer (Nicolet Pro 34). The 
axons were activated by electrical stimulation of the 
dorsal columns with bipolar Teflon-coated stainless- 
steel electrodes cut flush and placed lightly on the 
dorsal surface of the spinal cord. Constant current 
stimulation pulses were delivered through stimulus 
isolation units and the timing of the pulses was con- 
trolled by a digital timing device. The recorded field 
potentials were positive-negative-positive waves cor- 
responding to source-sink-source currents associated 
with propagating axonal action potentials (22, 29); the 
negativity represents inward current associated with 
the depolarizing phase of the action potential. 

All variances represent standard error (±SEM). Dif- 
ferences among groups were assessed by unpaired two- 
tailed t test to identify individual group differences. 
Differences were deemed statistically significant at 
P < 0.05. 

RESULTS 

Regional Distribution of Nestin-Positive Cells in the 
Adult Human Brain 

Nestin immunoreactivity was studied in human 
brain sections obtained from the periventricular region 
of the frontal lobe, the hippocampal complex, and the 
frontal cortex. Islands of nestin-positive cells were 
found in each of these regions. The SEZ/SVZ regions 
located below the epend3Tna of the lateral margin of 
the anterior horn of the lateral ventricle contained a 
relatively high density of cells (Figs. lA and IB). The 
nestin-positive cells were either dispersed or localized 
in small groups. Within the hippocampal complex, the 
external surface of the dentate gyrus also contained a 
relatively high density of nestin-positive cells; Am- 
mons horn (CA1-CA4) had a paucity of nestin-positive 
cells. Although frontal cortex had recognizable nestin-. 
positive cells, they were scattered and much less dense 
and localized compared to the SEZ/SVZ and the den- 
tate gyrus. 

Brain tissue was removed from five patients (See 
Methods and Table 1) and divided from each patient for 
preparation of neurospheres in culture. We could pre- 
pare neurospheres from the SEZ/SVZ in two and from 
the temporal lobe/hippocampus in one patient (Table 
1). We were unsuccessful in obtaining neurospheres 
from tissue in the temporal cortex and frontal cortex in 
two other patients. Neurospheres used in this study 
were prepared from the SEZ/SVZ from two patients. 

Clonal Expansion of Nestin-Positive Cells 

Nestin-positive cells isolated from the adult human 
brains were expanded by daily addition of EGF and 
bFGF in serum-free medium (see Methods). These cells 



grew as neurospheres and were expanded for a week or 
more in culture. A continuous supply of mitogens (EGF 
and bFGF) was important to repress differentiation 
and maintain a homogeneous population of self-renew- 
ing nestin-positive cells. As described below, upon mi- 
togen withdrawal putative neuronal and glial lineages 
could be differentiated from these cells. In order to 
determine if the nestin-positive cells were generated by 
separate committed precursors or by a common multi- 
potential precursor cell, a single cell clonal expansion 
method was used prior to mitogen withdrawal. Using 
the limiting dilution method (see Methods), individual 
dissociated cells (Fig. ICI) from a sphere of nestin- 
positive cells were plated in a 96-well culture dish. An 
example of reestablishment of a neurosphere of nestin- 
positive cells from an individual cell is shown in Fig. 
IC. Note the cellular proliferation in Figs. 1C1-1C5 
over 4 weeks in culture. Figure ID shows that these 
cells were indeed nestin positive afler expansion. All 
expanded colonies displayed similar properties, thus 
indicating the clonal nature of the cells. Continued 
proliferation was observed for over 8 months in vitro in 
the presence of mitogen, and subclones could be estab- 
lished from these clonal cell lines allowing further ex- 
pansion of the cells by repeating the limiting dilution 
method. 

Characterization of the Human Precursor Cells 
Following Withdrawal of Mitogens in Culture 

While the purpose of this study was not to study in 
detail lineage of the precursor cells but to study their 
fate when transplanted into a demyelinated region in 
vivo, we carried out some phenotypic characterizations 
to define our precursor cell population. To examine the 
multipotentiality of clones, expanded spheres of the 
nestin-positive clonal cells were dissociated and plated 
on polyethyleneimine-coated coverslips and main- 
tained in culture in the absence of mitogen. At least 
^three morphologically distinct cell types were observed 
from a dissociated neurosphere of clonally expanded 
cells (Figs. 2A-2C). The antigenic and morphological 
features of these cells were similar to those of rat stem 
cell cultures described in detail elsewhere (26). The 
three most common morphologies of cells were rela- 
tively small fusiform cells typically with two or three 
neurites (Fig. 2A), a larger multipolar cell (Fig. 2B), 
and a small spherical multipolar cell (Fig. 20). Cells 
showing these morphologies stained positively for 
MAP-2, GFAP, and GalC, respectively (Figs. 2A-2C, 
right panels; different cells from the left panels), thus 
suggesting neuron-, astrocyte-, and oligodendrocyte- 
like differentiation. 

The relative distribution of these cell types with var- 
ious markers for neurons and glia is shown in Fig. 3. 
Note that the largest proportions of cells stained with 
MAP-2, TUJ-1, NSE, GFAP, and Vim. A2B5-labeled 
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cells were very limited. A very small proportion of cells 
were labeled by GalC and SlOO; 04 and PO staining 
was virtually absent. This pattern of staining was sim- 
ilar from clone to clone. In a limited number of exper- 
iments dual immunolabeling was carried out to di- 
jctly show multiple cell lineage derived from a clonal 
cell (data not shown); i.e., some cells stained positive 
for MAP-2 and TUJ-1 suggesting neuronal elements 
while others in the field were negative for those mark- 
ers but positive for GFAP. We are careful with this 
level of analysis not to define these cells as being fully 
committed to neurons or astrocytes, but rather that 
upon mitogen withdrawal in culture that they differ- 
ntiate in a pattern consistent with these phenotypes. 
. hese results are in agreement with other studies 
showing a relatively large number of neuron-like and 
astrocyte-like cells differentiating from neural precur- 
sor cells in culture after mitogen withdrawal, and a 
paucity of oligodendrocytes and Schwann cells (26, 27). 

Transplantation of Neural Precursor Cells into a 
Glial-Free Spinal Cord Tract 

The dorsal columns of the lumbar spinal cords were 
X-irradiated and subsequently injected with a nuclear 
chelator, ethidium bromide, to kill glial cells and to 
inhibit mitosis of endogenous glial cells (EB-X model; 
see Methods). The lesion induced by this procedure is 
characterized by virtually complete loss of endogenous 
glial elements (astrocytes and oligodendrocytes) with 
preservation of axons, i.e., a demyelinated lesion with 
no glia. The lesion occupies the entire dorsoventral 
ixtent of the dorsal columns for 5-7 mm longitudinally 
(5, 22, 23). No endogenous invasion of Schwann cells, 
oligodendrocytes, or astrocytes occurs before 6 to 8 
weeks at which time these cells begin to invade the 
lesion from its peripheral borders. Thus, a demyeli- 
nated and glial-free environment in vivo is present for 
at least 6 weeks. 

Myelinated axons in the normal dorsal columns are 
shown in the photomicrograph in Fig. 4A. After induc- 
tion of an EB-X lesion virtually all of the axons are 
demyelinated, and astrocytes and oligodendrocytes are 
killed providing an aglial environment with preserved 
demyelinated axons and macrophages with cellular de- 
bris (Fig. 4B). Three weeks after injection of clonal 
human neural precursor cells into the central region of 
the lesion in immunosuppressed rats (cyclosporin A; 
see Methods), there was extensive remyelination of the 
axons (Figs. 4C and 4D). Remyelination was obsen^ed 
across the entire coronal dimension of the dorsal col- 
umns and considerably throughout the anteroposterior 
extent of the lesion. \Vhile it is well established that no 
endogenous remyelination by oligodendrocytes or 
Schwann cells occurs in this lesion model for at least 6 
weeks (5), some donor cells were transfected with the 



reporter gene LacZ and X-Gal-positive cells were ob- 
served forming myelin (Fig. 4E). 

The anatomical pattern of myelination was similar 
to that produced by Schwann cells, i.e., large cjrtoplas- 
mic and nuclear regions surrounding the remyelinated 
axons (Fig. 4D, arrows). Immunoreactivity for the pe- 
ripheral myelin-specific protein, PO, was observed in 
the myelin of the transplanted regions further indicat- 
ing that Schwann cells were differentiated in vivo from 
the neural precursor cells (Fig. 4F). Electron micro- 
scopic examination of the remyelinated axons reveals 
ultrastructural features of peripheral myelin (Fig. 5A). 
The axons were ensheathed by relatively thick myelin 
surrounded by large cytoplasmic and nuclear regions 
characteristic of Schwann cell myelination (4, 22). Nor- 
mal and demyelinated dorsal column axons are shown 
in Figs. 5B and 5C, respectively, for comparison. More- 
over, a basement membrane, which is not observed 
around axons myelinated by oligodendrocytes, was ob- 
served around the myelin-forming cells after neural 
precursor cell transplantation (Fig. 5A, arrowheads). 
The morphological features and presence of PO immu- 
noreactivity indicate that the CNS-derived precursor 
cells differentiate in vivo into a cell with peripheral 
Schwann cell characteristics. 

Restoration of Normal Conduction Velocity in the 
Remyelinated Axons 

Spinal cords from control, demyelinated, and trans- 
planted rats were removed and maintained in an in 
vitro recording chamber (see Methods). The dorsal col- 
umns were stimulated on the surface with bipolar elec- 
trodes and glass microelectrodes were used to record 
field potentials . at various points through the lesion 
area (Fig. 6A). The recordings in Fig. 6B are superim- 
posed traces of compound action potentials recorded 1 
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FIG. 3. Clones were differentiated in culture for 10 days in the 
absence of EGF and bFGF. Phenotypic analysis indicated a large 
proportion of cells expressing MAP-2, TUJ-1, NSE, GFAP, and Vim 
and a lesser proportion expressing GalC, A2B5, and S-lOO. Little 
expression of t, NF, 04, and PO was observed. This suggests that 
these immature cells had characteristics of neuron and astroc>i,es 
and to a lesser extent immature oligodendroctyes and Schwann cells. 
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FIG. 4. Remyelination of the rat spinal cord following transplantation of adult human precursor cells. Normal (A), demyelinated (B), and 
remyelinated axons (C) of the dorsal colimin. (D) Remyelinated axons at higher magnification. The anatomical pattern of myelination was similar 
to that produced by Schwann ceDs (arrows). (E) The human cells in the rat EB-X lesions were visualized by )3-galactosidase reaction products (blue). 
Note that the transplanted himian cells are markedly labeled in vivo at the light microscopic level. {F) Antigenic phenotype of remyelinating cells 
in the lesions are PO positive (peroxidase reaction, brown), and their nuclei are counterstained with hematoxylin (blue). PO immunostaining 
demonstrates many Schwann-cell-like remyelination throughout the lesion (bar, A-C, 25 /xm; D, 10 /xm; E, 1 /im; F, 7 /im). 



mm apart from control (Fig. 6B1), demyelinated (Fig. 
6B2), and transplanted (Fig. 6B3) dorsal columns. The 
latencies of the responses in the demyelinated dorsal 
column (Fig. 6B2) are substantially delayed compared 
to controls (Fig. 6B1). However, following human neu- 
ral precursor cell transplantation (Fig. 6B3) which led 
to extensive remyelination, the latencies are similar to 
controls. Conduction velocities were calculated for the 
three groups and are shown in Fig. 6C, indicating the 
restoration of conduction velocity in the transplanted 
group. 

DISCUSSION 

In this study we demonstrate that clonally expanded 
multipotential neural progenitor cells from the adult 
human brain can form functional Schwann celMike 
myelin when transplanted into the demyelinated rat 



^spinal cord. These progenitor cells expressed nestin 
and were self-renewing in culture until induced to dif- 
ferentiate by removing mitogens from the culture. An- 
tigenic analysis after mitogen removal in culture re- 
vealed the differentiation into both neuron- and glia- 
like cells. In general, neurons, astrocytes, and a low 
number of oligodendrocytes and Schwann cells were 
present in the mitogen-free cultures. Following trans- 
plantation into the demyelinated rat spinal cord, how- 
ever, the vast majority of cells differentiated into a 
peripheral-ty*pe of myelin-forming cell which produced 
functional myelin. 

Clonal Expansion of Multipotential Adult Human 
Neural Precursor Cells 

Both proliferation and differentiation of the clonal 
multipotential neural precursors derived from the 
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FIG. 5. All demyelinated spinal cords that received adult human 
precursor cell injections showed clear evidence of remyelination (A) of 
the demyelinated axons in electron micrographs. Examination at 
higher magnification showed the presence of a basal lamina surround- 
ing the fibers (arrowheads). The large cytoplasmic and nuclear regions 
of the cell and the presence of a basal lamina indicate a peripheral 
pattern of myelin ati on. Normal (B) and demyelinated (C) axons in the 
dorsal colvmms at the electron microscopic level Bar, 1 pjn. 



adult brain could be controlled relatively efficiently. 
Several lines of evidence indicate that the cells in the 
clones are composed of a common multipotential cell 
rather than separate committed precursors. First, the 
proportion of neurons generated is independent of pas- 
sage number, suggesting that the cellular properties 
are constant as the clones expand. This stability is 
supported by the unchanged differentiation capacity in 
clones of acutely dissociated cells and in subclones. 
Second, subcloning experiments demonstrate that 
multipotential secondary clones can be derived from a 
single primary clone, again showing the multipotenti- 
ality of single clonal cells. Asymmetric cell division 
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may still be an important mechanism for cell-type spec- 
ification in vivo (11). However, a strict asymmetric 
model, in which only one of the daughter cells main- 
tains multipotentiality, cannot account for the expo- 
nential increase in the neural precursor cells seen in 
our cultures. 

Differentiation of Neural Precursor Cells into 
Morphologically Defined Schwann-like Cells 

In the normal CNS axons with oligodendrocyte-asso- 
ciated myelination do not have large nuclear and cyto- 
plasmic surrounds, nor do they have an associated 
basement membrane. Rather, the cell bodies of the 
oligodendrocyte are relatively small and remote from 
the site of axonal myelination. However, following 
transplantation of the clonal neural precursor cells into 
a demyelinated and aglial region of the spinal cord in 
vivo, extensive differentiation into myelin-forming 
cells with morphological and phenotypical characteris- 
tics of Schwann cells was observed. These cells exhib- 
ited the hallmark characteristics of peripheral myelin- 
forming cells, large nuclear and cytoplasmic regions 
surrounding the axons which in turn were covered by a 
basement membrane (3), and immunohistochemical 
analysis demonstrated that most of them were PO pos- 
itive. Keirstead et al. (28) recently demonstrated that 
neural precursor cells derived from the neonatal rat 
brain and immunoselected for glial commitment can 
produce PO-positive myelin-forming cells in vivo. We 
cannot rule out the possibility that some neuronal or 
glial differentiation occurred, because we observed a 
few NSE-positive or GFAP-positive cells in the EB-X 
lesion. Moreover, some of the myelinated profiles were 
more characteristic of oligodendrocyte myelination. 
Future quantitative immunohistochemical studies on 
these tissues will be important to more fully character- 
ize the phenotypes of the myelin-forming cells after 
transplantation. However, the abundance of cells with 
distinct morphological and immunohistochemical fea- 
tures characteristic of peripheral myelin-forming cells 
(large nuclear and cytoplasmic regions around the ax- 
ons surrounded by a basement membrane and their PO 
positivity) clearly indicate that the transplanted pre- 
cursor cells differentiated into a peripheral pattern of 
myelin-forming cells. 

It is well established that peripherally derived 
Schwann cells can myelinate the spinal cord which is 
normally myelinated by oligodendrocytes (4, 14). Given 
that endogenous remyelination by Schwann cells can 
occur in the spinal cord in certain circumstances, it was 
important to ascertain that the myelin-forming cells 
were derived from the donor source and not from en- 
dogenous invasion of Schwann cells from the periph- 
ery. To address this issue we used a model system that 
prevents endogenous invasion of peripheral Schwann 
cells for 6 to 8 weeks; we studied the cells about 3 
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FIG, 6. (A) Schematic showing the dorsal surface of spinal cord with the positions of the stimulating (S) and recording (R) electrodes. 
Shaded region indicates the area of demyelination or remyelination. (B) Compound action potentials recorded at 1-mm increments along the 
dorsal columns in control (1), EB-X demyelinated (2), and transplant-induced remyelinated (3) axons. (C) Conduction velocity for the three 
groups in = 5, each group) of axons recorded at 26**C. Bars, SEM. 



weeks after transplantation which is well within the 
time window where no endogenous myelination occurs 
(4). The model utilizes X-irradiation to block host cell 
division followed by injections of ethidium bromide to 
chelate nucleic acids and kill the glial cells within the 
lesion zone. Moreover, in a limited number of experi- 
ments we transplanted LacZ-transfected donor progen- 
itor cells and found X-Gal reactivity in cells exhibiting 
a peripheral myelination pattern. The extensive differ- 
entiation of neural precursor cells into Schwann cell- 
like cells in our studies is not likely the result of 
Schwann cell contamination in our cultures. The cells 
were derived from single cell clones showing homoge- 
nous properties and the capacity to differentiate into 
either neurons or glia. 

Kalyani et al. (27) suggest that appropriate manip- 
ulation of culture conditions (45, 51) could promote 
embryonic neuroepithelial cell differentiation into 
more restricted CNS and PNS neural precursor cells. 
Indeed, embryonic neuroepithelial cells derived from 
the spinal cord have been reported to give rise to PNS 
elements and to other cell types in the body including 
skin melanocytes (24, 31, 41). More recently, Mujtaba 
et al. (40) provide evidence for a common neural pro- 



genitor cell derived from the embryonic spinal cord for 
the CNS and the PNS. Our results suggest that such a 
multipotential precursor may also be present in the 
adult human brain and that transplantation of these 
cells into the appropriate pathological environment of 
the adult CNS can allow Schwann cell differentiation 
and functional remyelination in vivo. 

Why Do Neural Precursor Cells Derived from Adult 
Brain Differentiate into Schwann-like Cells 
in CNS in Vivo? 

The Schwann cell differentiation in vivo may be the 
result of both the intrinsic capacity of the progenitor 
cells and the cellular and extracellular milieu of the 
transplant zone. In the EB-X lesion it is important to 
note that not only does this model lead to long-lasting 
demyelination, but all cellular elements inclusive of 
astrocytes and oligodendrocytes are killed within the 
lesion thus rendering the white matter tract agliotic 
and enriched in axons. The dominant cellular elements 
in the lesion are naked axons and macrophage-like 
scavenger cells in the glial-free environment. A large 
body of work indicates that axon-associated signals 
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jnay be important in aspects of Schwann cell differen- 
tiation (12, 43, 55). The development and maintenance 
of cell types are dependent upon and influenced by a 
number of intrinsic genetic factors as well as environ- 
untal signals (6, 47, 49, 54). Such signals may be 
. , ovided by cell-to-cell contact, electrical stimulation, 
or the secretion of neurotransmitters and neurotrophic 
factors (9). 

It should also be pointed out that interleukins re- 
leased from macrophages have been implicated in 
Schwann cell differentiation following peripheral 
nerve injury (21, 32). It is conceivable that cytokines 
released from microgha or macrophages in the lesion 
^\te could contribute to the massive Schwann cell dif- 

rentiation following neural precursor cell transplan- 
tation. It is possible then that the neural precursor 
cells derived from the adult human brain and trans- 
planted into an axon-enriched environment in vivo in 
the absence of potential trophic influences from sur- 
rounding glia and neurons biases the differentiation of 
the neural precursor cells to a more restricted PNS 
lineage. It is important to note that EGF-responsive 
neural stem cells derived from fetal rodents formed an 
.ligodendrocyte pattern of remyelination in myelin- 
deficient rats (20). This may result from differences in 
fetal and adult sources of the cells or a species differ- 
ence. Another possibility is that the myelin-deficient 
rat, which has an abundance of astrocytes around the 
amyelinated axons, could provide a trophic influence 
for the differentiation of oligodendrocytes. It is not 
clear what the differences are between known totipo- 
tential stem cells derived from embryos and less de- 
nned progenitor cells derived from adult subependy- 
mal zone. It will be interesting to determine if embry- 
onically derived stem cells form peripheral or central 
patterned myelin when transplanted into the adult 
demyelinated CNS. 

Potential of Neural Precursor Cells to Repair the --^^ 
Damaged CNS 

Neurons are not generated in large numbers in the 
adult mammalian CNS with the exception of the olfac- 
tory bulb (1, 34, 36) and the hippocampal formation (2, 
7). Moreover, Gould et al. (18) have made the intrigu- 
ing observation that learning can enhance neurogen- 
esis in the adult hippocampus, possibly by differentia- 
tion of precursor cells. Cultured precursors derived 
from adult mice have been shown to differentiate into 
neurons and glia, but little is known about the mech- 
anisms that regulate the differentiation of these cells 
(19). Both the clonal analysis and the response to 
growth factors reported here show that neural precur- 
sor cells derived from the adult human CNS have some 
properties that are similar to stem cells derived from 
embryonic neuroepithelium. Further delineation of 
similarities and differences between embryonic and 



adult precursor cells is certainly important. While both 
share some similarities it is not clear that adult-de- 
rived cells are totipotent as are true stem cells derived 
from embryos, thus indicating the importance of inves- 
tigations of both embryonic and adult brain-derived 
precursor cells. 

While oligodendrocytes are the cells that normally 
myelinate CNS axons, peripheral myelin-forming cells 
such as Schwann cells (4, 22) and olfactory ensheath- 
ing cells (15, 23) can myelinate CNS axons in vivo and 
restore near normal conduction properties (22, 23). 
Peripheral myelin-forming cells may have the advan- 
tage if used as a cell therapy in multiple sclerosis (MS) 
patients of not having the antigenic properties of oli- 
godendrocytes which elicit an immune response in MS 
patients (22). Harvesting sufficient numbers of 
Schwann cells from peripheral nerve biopsy and cell 
expansion is problematic. However, the development of 
human clonal neural precursor cells derived from ei- 
ther embryonic or adult CNS may allow for an abun- 
dant source of myelin-forming cells. Zhang et al. (56) 
have demonstrated that fetal neural stem cells can be 
treated to establish self-renewing pre-02-A progeni- 
tors which form extensive oligodendrocyte myelination 
when transplanted into the myelin-deficient neonatal 
rat. Recently, Brustle et al. (6) have demonstrated that 
human embryonic stem-cell-derived glial precursors 
can be used as a source of myelinating transplants. 
Advances in the cell biology of progenitor cells derived 
from embryonic, fetal, or adult CNS open the prospect 
of developing cell lines as a potential source of a cell 
therapy for demyelinating diseases. 
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Traditionally, retinal impairments by neuronal death or 
axonal severance have been considered incurable in humans 
and adult experimental mammals because the central 
nervous system (CNS) of adult mammals does not have a 
regenerative capacity. Although a number of attempts to 
repair damaged retinas using grafts of retinal tissue have 
been reported 13,5,6,11,14], they have encountered senous 
problems such as limited incorporation of grafted cells into 
the host retina and difficulty in supplying enough donor cells 
as has been already discussed (2,4.7,9,17,18,20]. Thus, the 
transplantation of retinal tissue is not promising as a ther- 
apeutic strategy for the treatment of retinal impairments 
from neuronal death at present. 

The recent advances in the field of neural stem cells have 
brought great expectation that severe CNS damages can be 
repaired by using stem/progenitor cells (4,7,13,17]. It has 
been shown that transplanted neural progenitor cells, even 
heterotypical, can integrate with the host brain tissue and 
differentiate into appropriate neurons [15]. For the retina, an 
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earlier study demonstrated that transplanted adult rat hippo- 
campus-derived neural stem cells (AHSCs) can be inte- 
grated into the host retina in normal neonatal rats [IbJ. 
Later studies showed that AHSCs were integrated into the 
host retina even in mature rats in genetically-degenerated 
retinas (20] and in mechanically-injured retinas (9]. These 
results have encouraged the development of novel therapies 
for treating retinal impairments using neural stem cells. 

The in vivo retinal ischemia-reperfusion model is a stan- 
dard experimental model that has been used to investigate 
the damage of the retina induced by transient ischemia. By 
inducing transient ischemia with high intraocular pressure, 
this model can avoid direct mechanical injury to |he reima 
and optic nerve, and provide high reproducibility lU^.iyJ^ 
We transplanted AHSCs into eyes that had been damaged 
by ischemia-reperfusion. This report is the first study to 
perform neural stem cell transplantation into eyes with 
acquired retinal disease besides mechanical injury. 

The preparation of AHSCs has been described in detail 
(10 18]. In brief, hippocampal progenitor cultures ^v^re 
prepared from the hippocampus of adult Fisher rats. 1 he 
dissociated cells were cultured on polyomiihine/lamin.n^ 
coated dishes using a mixture of Dulbecco s modified 
EaoJe's medium (DMEM)/Ham's F12 (1:1) supplemented 
with N2 (Gibco) and 20 ng/ml of recombinant human basic 



0304-3940/01/$ - see front matter 
Pll: 50304-3940(01)01857-2 



I 2001 Elsevier Science Ireland Ltd. All rights reserved. 



58 



Y Kurimoto et al. / Neuroscience Letters 306 (2001) 57-60 




Fig. 1. Light microscopic photographs of host retinas demonstrating the transplanted AHSCs stained dark blue for p-Gal. In retinas with 
ischemia-reperfusion insult (a-d), prominent cell losses occurred primarily in the ganglion cell layers and inner nuclear layers as 
compared with the retina without the insult (e). (a) At 1 week after transplantation, the intravitreally injected AHSCs can be seen in 
the ganglion cell layer, (b) At 2 weeks after transplantation, the grafted AHSCs are seen in the inner nuclear layer, (c, d) At 8 weeks, the 
transplanted cells can be seen in various layers of the inner retina, and some of them seem to be process-bearing cells (c). (e) A control 
retina 2 weeks after transplantation with no ischemic insult. Intravitreally injected AHSCs are not present in the host retina. INU inner 
nuclear layer. ONL, outer nuclear layer. Scale bars represent 50 p.m. 



fibroblast growth factor (bFGF) (Genzyme). Isolated siem 
cells were genetically marked with P-galactosidase (p-Gal) 
and cloned. The PZ5 clone, previously characterized exten- 
sively [10], was used. The cultured and harvested cells were 
washed with DMEM/Ham*s FI2 and suspended at a density 
of 100,000 cells/jjLl in DMEM/Ham*s PI 2 for transplanta- 
tion. 

Adult (8-12 week old) Fisher rats were anesthetized with 
an intraperitoneal injection of pentobarbital (60 mg/kg), and 
the pupils were dilated with topical 0.5% phenylephrine 
hydrochloride and 0.5% tropicamide in order to monitor" 
the ocular fundi. Transient retinal ischemia was induced 
by raising the intraocular pressure to 110 mmHg for 60 
min (see Ref. [12]). Immediately after beginning the reper- 
fusion, the AHSCs were injected into the vitreous cavity of 
the treated eyes under trans-pupillary observation using a 



binocular surgical microscope. The injection was made with 
a 10-p.l Hamilton microsyringe with a 30-gauge beveled 
needle. A total of 500 000 cells in 5 ^jlI of DMEM/Ham's 
F12 were injected. For control, the cells were also injected 
into eyes with no ischemic insult. 

The rats were sacrificed I, 2, 4, and 8 weeks after the 
transplantation (n — 4 for the ischemic group and « = 3 for 
the control group at each time point), and the eyes were 
processed for histochemical studies. 

In situ staining of grafted cells for P-Gal: all of the 
enucleated eyes except the two described below were 
"Thed in 2% paraformaldehyde, 0.1% glutaraldehyde, 
0.02% NP-40, and 0.01% deoxycholate in PBS. After 1 h, 
the anterior segments were removed, and the P-Gal staining 
was done by placing the eye cups in a solution of 2.5 mM X- 
Gal, 5 mM potassium ferricyanate, 5 mM potassium ferro- 




Fig. 2. Confocat images of the retina 4 weeks after AHSCs transplantation with ischemic insult, (a) Anti-Map2ab immunoreactivity. (b) 
Anti-p-Gal immunoreactivity. (c) The merged image of anti-Map2ab and anti-p-Gal immunoreactivity, showing the grafted AHSCs 
differentiate into mature neurons. INL, inner nuclear layer. ONL, outer nuclear layer. Scale bar represent 50 jim. 
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cyanate, 2 mM MgCl2 in PBS [16] at room temperature 
overnight. The stained tissue was washed with PBS and 
soaked in PBS containing 25% sucrose for cryoprotection. 
Ten-micrometer sections were cut on a cryostat and exam- 
ined with a light microscope. 

Immunostaining: two eyes of two animals sacrificed 4 
weeks after ischemic insult were fixed in 4% paraformalde- 
hyde, cryoprotected, and sectioned at 10 jxm on a cryostat. 
Double immunostaining was performed on these sections. 
The sections were processed for anti-P-Gal ( 1 :500, 
Promega) and anti-Map2ab (1:500, Sigma), and followed 
by reaction with FlTC-conjugated secondary antibody 
(1:100, DAKO) to anti-P-Gal and rhodamine-conjugated 
antibody (1:100, DAKO) to anti-Map2ab. Confocal micro- 
scopy was used to study these sections. 

In every treated eye, transplanted cells were readily iden- 
tified by the transgenic P-Gal marker. In the eyes that under- 
went ischemia-reperfusion insult, prominent cell loss were 
observed primarily in the ganglion cell layer and inner 
nuclear layer (Fig. 1). The changes were typical of the find- 
ings in ischemia-reperfusion insult described earlier [12]. 

In eyes with the ischemia insult, the intravitreally- 
injecied AHSCs invaded the retinal ganglion cell layer by 
1 week after the transplantation (Fig. la) and were identified 
in the retinal inner nuclear layer 2 weeks after the transplan- 
tation (Fig. lb). At 4 weeks, the donor cells were integrated 
into the host retina and expressed lVIap2ab (Fig. 2) which 
indicated that the AHSCs had differentiated into mature 
neurons. At 8 weeks after the transplantation, the trans- 
planted cells were integrated into the different layers of 
the inner retina (Fig. Ic,d) and appeared as process-bearing 
cells (Fig. Ic). A number of transplanted cells were detected 
within the vitreous cavity but the number decreased with 
increasing postinjection times (Fig. 1). 

In the control animals without ischemic insult, AHSCs 
did not invade the host retina (Fig. le). Although many of 
the transplanted ceils were observed to survive in the vitr- 
eous cavity al 2 weeks after transplantation, the numbers 
decreased at 4 weeks and were mostly gone at 8 weeks after 
the transplantation (data not shown). 

These resuhs demonstrated that intravitreaily-injected 
AHSCs migrated and integrated into the host retinas of 
adult rats that had undergone ischemic insult while none 
of the cells migrated into the retina without ischemic insult. 
In the host retinas, many cells in the ganglion cell layer and 
inner nuclear layer were lost after the ischemic insult. The 
transplanted AHSCs migrated primarily into these layers 
and differentiaied into mature neurons replacing some of 
the lost cells. 

The observation thai AHSCs did not enter the host retina 
in the control aduh rats agrees with previous findings [18]. 
The question then arises as to why retinas damaged by 
ischemia will accept the migration and integration of trans- 
planted neural stem cells while normal adult retinas will not. 
First, ii is likely that some types of trophic factors or cyto- 
kines that promote survivaL migration, and neuronal differ- 
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entiation of the transplanted stem cells are produced in the 
retina that had been injured by ischemia. It has already been 
reported that bFGF, which is known to be important foi 
survival of AHSCs [10], is up-regulated in retinas aftei 
transient ischemic insult [8]. In addition to bFGF, othei 
factors were probably up-regulated in the ischemic retina 
to stimulate migration and neural differentiation of the 
grafted cells. 

Secondly, it is highly likely that serous components entei 
the retina because the blood-retina barrier is broken by the 
ischemic insult [19]. Such serous components, as well as 
intrinsically expressed factors, can promote survival, migra- 
tion, and neuronal differentiation of the transplanted 
AHSCs. In the control animals, it is likely that the absence 
of such factors prevented the integration of the grafted cells 
into the host retina, and was probably the cause for the 
decrease of surviving AHSCs in the vitreous after the trans- 
plantation. 

Another factor that might promote the migration of the 
transplanted cells is a disruption of the retinal internal limit- 
ing membrane. The retinal internal limiting membrane car 
be a barrier to cell invasion under normal conditions, but i 
could be interrupted by the ischemia. In the present study 
we suggest that disruptions of the retinal internal limiting 
membrane by ischemia allowed the AHSCs to enter the 
retina. 

This experimental model of retinal injury by transient 
retinal ischemia induced by raising the intraocular pressure 
can be considered comparable to an acute glaucomatou; 
attack, a central retinal artery occlusion, or an ischemic 
optic neuropathy. In these diseases, it has been generall) 
believed that it is not possible to repopulate the lost retina! 
cells and repair the retinal injury. The present results have 
shown that intravitreally injected AHSCs can partly repo 
pulate the lost host cells and differentiate into a neurona! 
lineage. However, it still is not known whether the trans 
planted cells can establish a functional network with hos 
neural circuitry and acquire proper functions as retina 
neurons- Nevertheless, our results suggest that neurona 
stem cells are good candidates to reconstruct the neura! 
crircuiiry of ischemic-injured retina, and show the potenti- 
ality of therapeutic transplantation using neuronal stem eel 
on retinal impairments that are generally regarded as incur- 
able. 
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Incorporation and Differentiation of Hippocampus- 
Derived Neural Stem Cells Transplanted in Injured 
Adult Rat Retina 

Akihiro Nishida,^'^ Masayo Takahashi,^ Hidenobu Tanihara,^ Ichiro Nakano^ 
Jun B. Takahashh^ Akira Mizoguchi,^ Chizuka Jde,^ and Yoshihito Honda^ 

Purpose. In a previous study it has been shown that adult rat hippocampusKierived neural stem ceUs 
can be successfuUy transplanted into neonatal retinas, where they differentiate into neurons and 
glia, but they cannot be transplanted into adult retinas. In the current study, the effect of 
mechanical injury to the adult retina on the survival and differentiation of the grafted hippocampal 
stem cells was determined, 

Mfthods. Mechanical injury was induced in the adult rat retina by a hooked needle. A cell 
suspension (containing 90,000 neural stem cells) was slowly injected into the vitreous space. The 
specimens were processed for inununohistochemical studies at 1, 2, and 4 weeks after the 
transplantation. 

Results. In the best case, incorporation of grafted stem ceUs was seen in 50% of the injured retinas. 
Most of these ceUs located from the ganglion ceU layer through the inner nuclear Uyer close to the 
injuiy site. Immunohistochemically, at 1 week, more than half of the grafted ceUs expressed nestin. 
At 4 weeks, some grafted cells showed immunoreactivity for microtubule-associated protein (MAP) 
2ab, MAP5, and glial fibrillary acidic protein (GFAP), suggesting progress in differentiation into cells 
of neuronal and astroglial lineages. However, they showed no immunoreactivity for HPOl, calbin- 
din, and rhodopsin, which suggests that they did not differentiate into mature retinal neurons. 
Immunoclectron microscopy revealed the formation of synapse-likc structures between graft and 
host cells. 

Conclusions. By the manipulation of mechanical injury, the incorporation and subsequent differ- 
entiation of the grafted stem cells into neuronal and glial lineage, including the formation of 
synapse-like structures, can be achieved, even in the aduJt rat retina. {Invest Ophthalmol Vis Set. 
2000;41:4268-4274) 



Since the mid-1990s, it has been possible to isolate neural 
stem or progenitor cells from various parts of the central 
nervous system (CNS), such as the hippocampus, subven- 
tricular zone, spinal cord, and cpendyma.'"^ In general, these 
cells can expand in serum-free medium and proliferate in 
response to growth factors such as epidermal growth factor 
(EGF) or basic fibroblast growth factor (bFGF). From'a-clmical 
point of view, they have some potential advantages for retinal 
transplantation compared with embryonic or newborn retinal 
cells. First, they can be expanded through numerous passages 
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in vitro and frozen for storage. Second, they can be easily 
manipulated, such as by pretreatment with growth factors or 
gene transduction, before they are transplanted. 

Adult rat hippocampus<ierivcd neural stem cells, first iso- 
lated by Palmer et al.*, are one of the few cell lines that have 
been shown by clonal analysis to have multipotency and self- 
renewability. In a previous study of ours, we found that the 
hippocampal stem cells could be successfuUy transplanted and 
integrated into the neonatal rat retina but that when they were 
transplanted into adult eyes, they aggregated on the surface but 
never migrated into the retina.^ 

In this study, for the purpose of assessing the possibility 
and limitations of the use of brain-derived neural stem cells for 
retinal transplantation, wc investigated whether these hip- 
pocampal stem cells could migrate and become incorporated' 
into mechanically injured adult rat retinas. 

Materials and Methods 

Preparation of Cells for Grafting 

LacZ-Iabeled clonal adult rat hippocampus-derived neural stem 
cells (clone PZ5, kindly provided by Fred H. Gage, Salk Insti- 
tute, La JoUa, CA) were used in this study. They were cultured 
on la minin/poly-L-omithlne- coaled dishes containing Dulbec- 
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go's modified Eagles medium-Ham's F12 (DMEM-F12; Gibco, 
Rockville, MD) supplemented with N2 (Gibco) and 20 ng/mJ 
bFGF (Gcnzyme, Cambridge, MA), and incubated at 37**C in a 
humidified atmosphere of 5% COj in air. After having been 
subculturcd for 2 weeks to 3 months, they were harvested for 
grafting with 0.05% trypsin in DMEM-F12, washed with 0.01% 
trypsin inhibitor (Wako, Osaka, Japan) in DMEM-F12, and sus- 
pended at a density of 30,000 cells/^I in high-g!ucose Dulbec- 
co's phosphate-buffered saline (D-PBS, Gibco) containing 20 
ng/ml bFGF. 

Animal Preparation and Grafting Procedure 

Eight-wcek-old male Fischer rats (/i = 30) were obtained from 
Shimizu Laboratory Supplies (Kyoto, Japan). All experiments 
were conducted in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research. The 
animals were anesthetized with a mixture (1:1) of xylazine 
hydrochloride (4 mgAg) and ketamine hydrochloride (10 mg/ 
kg) administered intramuscularly. The pupils were dilated with 

0. 3% iropicamide and 2.5% phenylephrine eye drops. The 
corneas were anesthetized with drops of 0.4% oxybuprocaine 
hydrochloride. The eyeballs were perforated at the equator 
with a 27-gauge needle. A hooked 30-gauge needle was then 
inserted through the wound, and the retina was injured by 
scratching it parallel to the equator between the retinal vessels 
under direct observation with a surgical microscope equipped 
with a plano-concave contact lens for rats (Kyocon, Kyoto, 
Japan). Special care was taken to injure the whole layer of the 
retina, and success was affirmed by a small amount of subreti- 
nal bleeding. After the injury, 3 of the cell suspension 
(containing 90,000 cells) was slowly injected into the intravit- 
real space with a microsyringe fitted with a 30-gauge blunt 
needle (15 rats, 30 eyes). As a control, 3 fil of the cell suspen- 
sion was injected into the intravitreal space of noninjurcd eyes 
(15 rats, 30 eyes). The results from five eyes of the control 
group were excluded due to complications of massive vitreous 
hemorrhage. 

Tissue Sectioning 

The animals were anesthetized by inhalation of diethyl. ether 
and fixed by transcardial perfusion with 4% paraformaldeh>tle 
(Merck, Darmstadt, Germany) in 0.1 M phosphate buffer (PB) 

1, 2, and 4 weeks later. The eyes were enucleated to make 
cyecups. The eyecups were immersed in the same fixative for 
2 hours at 4''C and then in 15%, 20%, and 25% sucrose-PBS for 
cn oproteciion. They were embedded in optimal cutting tem- 
perature compound (OCT; Miles, Elkhart, IN) after adjustment 
of their horizontal planes parallel to the cutting plane, and 
20-pim frozen sections were made in a cr)'ostat. Continuous 
sections including the injur)' site were cut for each eye. 

I nunu n oc^ioc he mist ry 

The specimens were washed with 0.1 M PB and then incubated 
with 20% skim milk (Dainihon-Seiyaku, Osaka, Japan) in 0.1 M 
PB coniaining 0.005% saponin (0.1 M PB-saponin; Merck) for 
10 minutes to block nonspecific antibody binding. They were 
then incubated with primarv' antibodies diluted in 5% skim 
milk in 0.1 M PB-saponin for 24 hours at 4°C- Antibodies and 
concentrations used in this study were as follows: mouse 
monoclonal anti-/3-gaIactosidase (j3-gal, 1:1000; Promega, Mad- 
ison. ViT), rabbit polyclonal anti-p-gal (1:5000; Chemicon, Te- 



mecula, CA), mouse monoclonal anti nestin (1:1000; PharMin- 
gen, San Diego, C^), mouse monoclonal anii-microtubulc 
associated protein (MAP) 2ab (1:100; Sigma, St. Louis, MO), 
mouse monoclonal anti-MAP5 (lilCKX); Chemicon), rabbit poly- 
clonal anti-glial fibrillary acidic protein (GFAP; 1:1000; Chemi- 
con), rabbit anti-myelin basic protein (MBP; 1 :500; UltraClone, 
Wellow, UK), mouse monoclonal anti-HPC-1 (1:1000; Sigma), 
mouse monoclonal anti-calbindin (1:500; Sigma), and rabbit 
anti-rhodopsin (1:1000; LSL, Tokyo, Japan). 

After the reaction with primary antibodies, the specimens 
were washed with 0.1 M PB-saponin and incubated with sec- 
ondary antibodies diluted in 5% skim milk in 0.1 M PB-saponin 
for 90 minutes. Antibodies and concentrations used in this 
study were as follows: fluorescein isoihiocyanate (FITC>con- 
jugated sheep anti-mouse immunoglobulin (1:100; Amersham, 
Buckinghamshire, UK), FITC-conjugated donkey anti-rabbit im- 
munoglobulin (1:100; Amersham), Cy5<onjugated goat anti- 
mouse IgG (1:200; Amersham), and Cy5-conjugated donkey 
anti-rabbit IgG (1:200; Amersham). 

Sections were then washed with 0.1 M PB, mounted with 
glycerol-PBS (1:1) and observed with a laser-scanning confocal 
microscope (1024; Bio-Rad, Hercules, CA). 

Inununoelectron Microscopy 

Immunoelectron microscopy using the silver-enhancement 
technique was done as described.^ Briefly, after having been 
blocked with 20% skim milk in 0. 1 M PB-saponin, the sections 
were incubated with the anti-J^gal antibody (1:1000; Promega) 
and subsequently with an anti-mouse IgG antibody coupled 
with 1.4-nm gold particles (1:50; Nanoprobes, Stony Brook, 
NY). After the sections had been washed, they were fixed with 
1% glutaraldchyde (Nacalai Tesque, Kyoto, Japan) in 0.1 M PB 
for 10 minutes, and the sample-bound gold particles were then 
silver-enhanced at 20°C for 1 2 minutes by use of an H(J-silver 
kit (Nanoprobes), They were again washed and postfixed with 
0.5% osmium oxide (Nacalai Tesque) in 0.1 M PB at pH 7.3, 
dehydrated by passage through a graded series of ethanol (50%, 
60%, 70%, 80%, 90%, 95%, and 100%), and embedded in epoxy 
resin. From these samples, ultrathin sections were cut, stained 
with uranyl acetate and lead citrate, and then observed with an 
electron microscope 0EM-1200EX; JEOL, Tokyo, Japan). 

Results 

Incorporation and Distribution of Grafted Cells 

In an attempt to elucidate the efficacy of transplantation of 
hippocampal stem cells into the adult rat retina, we injected 
them into the vitreous space. The stem cells were labeled 
with the LacZ gene reirovirally, so that we could identify 
j3-gal-immunoreactive cells as the grafted cells. In our pre- 
vious study, we confirmed that ^-gal enzyme leaking from 
damaged or dead grafted cells was not taken up by host 
retinal cells.*" 

First, we compared the incidence of eyes with incorpo- 
rated grafted cells between the injured group and the nonin- 
jurcd group. In the injured group, 1 week after transplantation, 
)3-gaI-immunore3ctive cells were incorporated into the host 
retina in 10% of the experimental eyes (1 of 10). At 2 and 4 
weeks, the percentage of eyes with incorporated cells in- 
creased to 50% (5 of 10) and 40% (4 of 10), respectively (Table 
1). In the eyes with incorporated grafted cells, the grafted cells 
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Tabu 1. Incidence of E yes with Incoiporated Grafted CeUs 

1 Week 2 Weeks 4 Weeks 



Injured group 
Noninjured group 



1/10 
0/5 



5/10" 

0/10 



4/10' 

0/10 



Values are number of eyes with incorporated grafted «ns/totaI 
surgically treated eyes. Five rats were used in each experunent The 
r^^«1^m five eyes of the noninjured group at 1 week were excluded 
because of compUcations of massive vitreous h^mo^^ec- 

• incidence in the injured group was significantly h'gher «han '^at 
in the noninjured group (Fisher's exact probabdity test. P < 0.05>. 



were distiibuted arotind the site of injuty, where GFAP immu- 
norcactivity of the host retina was upregulated (F.g. lA). In 
contrast, no eyes incorporated grafted ceUs in the noninjt^ed 
group at any period after transplantation (Table 1). The grafted 
ceUs wei^ found to have aggregated on the inner surface but 
never to have been incorporated into the host retina of the 
noninjured group (Fig. IB). Statistical analysis by Fisher's exact 
probabiUty test showed a significant difference (P < 0.05) 
between the injured and noninjured groups in the incidence of 
successful incorporation of the grafted ceUs at both 2 and 4 
weeks after transplantation. 

The pattern of grafted cell distribution was almost the 
same at all times after the injection. The grafted ceUs were 
observed not onlv at the site of injury where normal retinal 
structure was destroyed, but also in the surrounding area 
where the normal retinal strucmre was retained. Most of them 
were situated in the inner nuclear layer ONL) with some m the 
ganglion ceU layer (GCL). where they formed a layer-like struc- 
ture A few grafted ceUs were found on the inner surface of the 
retina and in the outer nuclear layer (ONL). The width of 
distribution of the incorporated grafted ceUs ranged between 
790 pim and 1200 fim around the site of injury (data not 
shown). This width was much greater than that of the actual 
injury in all cases, which was less than 100 /mi. 

The grafted cells adherent to the inner surface of the host 
retina in the injured group were round and had no processes, 
whereas most incorporated ceUs had elongated processes^ -and 
some of them showed morphologies reminiscent of amacnne 
and bipolar cells (Fig. 2). 
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Immunohistochemistry on Sections after 
Transplantation 

Immunohistochemical studies were performed on secUons 
with incorporated grafted ceUs in the injured group. The sec- 
tions were double immunostained with anti-^gal antibody and 
antibodies against specific ceU-type markers. The cell-type 
markers used were nestin for immature or undifferentiated 
ceUs. MAPS for neuronal lineage ceUs, GFAP for astrocytes and 
Mtiller cells, MB? for oUgodendrocytes, HPC-1 for amacrinc 
ceUs, calbindin for horizontal and some amacnne cells, and 
rhodopsin for rod photoreceptor ceUs. The ratios of double- 
stained ceUs to p-gal-positive cells were calculated to estimate 
ihe characteristics of the grafted ceUs after transplantation. 

Our preliminary studies showed the presence of nestm 
immunoreactivity in more than 96% of the cultured hippocam- 
pal stem ceUs; however, no immunoreactivity for other specific 
markers of differentiated cell types, including MAP2ab, MAP5, 
GFAP, MBP, HPC-1, calbindin. and rhodopsin. was detected 

(data not shown). 

Among the grafted cells, nestin-positive ceUs were over 
50% at the end of 1 and 2 weeks after transplantation; how- 
ever, they decreased to 36% after 4 weeks (Jable 2, Figs. 3A, 
3B 3Q MAP5-positive ceUs increased markedly from 1% to 
22% between 1 and 2 weeks, whereas MAP2al>positive cells 
graduaUy increased from 1 to 4 weeks (Table 2, Figs. 3D, 3E. 
3F) As for the two glial markers, GFAP positive grafted ceUs 
increased from 2% to 10% between 2 and 4 weeks, but MBP- 
positive ceUs were hardly observed from weeks 1 through 4 
aablc 2. Figs. 3G. 3H, 31). Immunoreactivity for retmal ceU 
markers, HPC-1, calbindin, and rhodopsin was hardly detected 
in the grafted cells throughout the 4 weeks (Table 2, Figs. 3J, 

The immunoreactivity for nestin and GFAP was also ob- 
served in the host Miiller cells around the sites of injury, where 
the grafted ceUs were incorporated into the host retinas (Figs. 
3A, 3B, 3C, 3G, 3H, 31)- 

Immunoelectron Microscopy on Sections at 4 
Weeks after Transplantation 

Immunoelectron microscopy was performed on sections of 
4-week specimens. Grafted cells were identified by the pres- 
ence of gold particles indicating immunoreactivity for p-gal. In 




B 



INL 
ONL 



F,ct.BE 1. Double-label immunofluorescence study using antibodies against P-6f f^^"J ZtSf^fd 
in the inj,ued group (A) and noninjured group (B) 2 weeks after ,he m.econ. (A) ^^^al-po U e g^ed 
" is ue e obsLed primarily in .he GCL and INL in the host retina around .he s..e of mjun' («-ou,> 
Expression of GFAP i^ .he host re.ina was upregulated. (B) 0.Gal-posiuve ceUs were loca.ed on he mner 
Surface of bu, no. within ,he host retina, n^e expression of GFAP was localized in the as.roo.es and the 
end feet of the MiiUer ceUs. ScaJe bar, 100 fim. 
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Figure 2. /3-Gal-immunoreactive 
grafted cells, which are similar to am- 
acrine (A, arrow) and bipolar (B, ar- 
row) ceUs, 1 and 4 weeks after trans- 
plantation, respectively- Scale bar, 
20 M-m. 
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general, the grafted cells had heterochromatic nuclei and a 
large number of mitochondria (Figs. 4A, 4B). 

In the inner plexiform layer GPL) and at the innermost 
part of the INL, grafted ceUs were often found in a group (Fig. 
4A) Some of them were irregular in shape and had pscudo 
podia that made contact with other grafted ceUs (Fig. 4A), 
which is a characteristic of actively migrating ceUs. Some other 
grafted ceUs had a relatively round shape and extended ihcu^ 
processes to make close contact with host ceUs at the inner- 
most part of the INI (Fig. 4B). At a higher magnification, 
symmetrical and asymmetrical membrane thickening, which 
represent puncta adherentia and synaptic junctions, respec- 
tively were observed between graft and host ceUs (Figs. 4C, 
4D) indicating that they formed close comacts with each other. 



Discussion 

Neural stem cells are expected to be useful clinically for re- 
placing damaged neurons or for ex vivo gene therapy. In the 
field of brain science, they have been tested on damaged bram 
models^ '"* as ceU resources for replacement therapy. Also m 
the field of ophthalmology, it is reported that neural stem ceils 
could be succcssftiUy transplanted into damaged retma. 
Therefore, it is important to assess the application of neural 
stem cells for retinal transplantation therapy. 

This study has shown the ability of hippocampus<le rived 
neural stem cells to migrate and differentiate in the injured 
retina. However, the limitation of their differentiation into 
authentic retinal neurons was also recognized. 

Pattern of Incorporated Grafted Cells in the 
Host Retina 

The incidence of the eyes with incorporated grafted ceUs 
increased between 1 and 2 weeks but did not change between 
2 and 4 weeks. Some time may be required for the cells that 
have migrated onto the retinal surface to create graft- host 
contacts and to migrate into the host retina. This behavior of 



the grafted cells is consistent with the results of our previous 

study.^ . 

The grafted cells were located around the mjured sites, 
where the expression of nestin and GFAP in the host Miiller 
cells was upregulated. The width of the distribution of the 
grafted cells was much greater than that of the injury Cess than 
100 fim) at any time point evaluated. We therefore speculate 
that the grafted ceUs migrated into the host retina not only 
from the injured site but also from the vitreous surface around 
the injured site where the host Miiller ceUs were activated by 
the injury. This speculation was supported by our other exper- 
iments that hippocampal stem ceUs can also incorporate into 
chemicallv damaged retinas (data not shown). It has been 
reported that upregulation of the expression of nestin and 
GFAP in astrocytes or Miiller ceUs occurred in the CNS includ- 
ing the retina after various types of damage.*^ '^ It also has 
been shown that activated Miiller ceUs express a number of 
cytokines such as bFGF, ciliary neurotrophic factor (CNTF), 
and transforming growth factor (JGr>a:^'^^ U seems reason- 
able that the Miiller ceUs that were activated by the mechamcal 
injury may have played an important role in the migration 
and/or differentiation of the surviving grafted ceUs. 

For the purpose of assessing the effect of retinal injury, we 
chose the vitreous cavity instead of the subretinal space for the 
site of injection of the neural stem ceUs. Subretinal injection 
itself causes retinal detachment and much damage to the ret- 
ina- 
Differentiation and Integration of the 
Grafted Cells 

The hippocampal stem ccUs used as the grafted ceUs were 
confirmed by immunocytochemistry to be immature cells. Be- 
fore grafting, most of them expressed nestin. However, once 
they were grafted, the number of cells expressing nestin de- 
creased. On the contrary, the ceUs expressing MAPs and GFAP 
increased with time, which suggests differentiation of the stem 
ceUs into cells of the neuronal and astroglial lineages. Among 
the NUPs. MAP2ab is thought to be a late marker of neuronal 



Table 



2. Differentiation Ratio of ihc Incorponited Grafted Cells in the Injured Group 



Nestin MAP23b 



.^t^5 GFAP MBP HPCl Calbindin Rhodopsin 



Values at 2 and 4 weeks are mean 



i SD and arc the ratio of grafted ceUs double-stained with anli P-gal. 



•"eek 56.4 3.6 ^ ,o.,.o O.O ± 0.0 0.2 ± 0.4 
2 weeks 55.0 ± 3.2 5.1^3 5 21.9 ^ 2.3 1.5 0.6 _ 0.> ^ ^^^ ^ ^ „ ± 0.0 
4 weeks 35.9 ±19.0 9.7 i 0.8 25.1 ± 10./ 9 9-4.. 0.8-1^ 3 ^ 
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Figure 3. Double-label immunoflu- 
orescence at the end of 1 (A, D, G, 
and J), 2 (B, E, H, and K), and 4 (C, 
F, I, and L) weeks after cell transplan- 
uiion. Green: ^-Gal-immunorcac- 
tive cells; red: nesiin- (A, B, and Q. 
MAP5- (D. E, and F), GFAP- (G, H, 
and 1). and calbindin- <J. and L) 
immunorcaciive cells; yellour. dou- 
ble-stained cells {arrows). (A, B, and 
Q Nestin-positive grafted cells de- 
creased in number from 1 to 4 weeks 
after transplantation. (D, E. and F) 
MAP5-positive grafted cells increased 
from 1 to 4 weeks after transplanta- 
tion. (G, H. and D Few GFAF-positive 
grafted cells are observed at 1 and 2 
weeks after transplantation, but they 
begin to appear at 4 weeks. (J. 
and L) Calbindin-positive grafted 
cells are rarely observed at any time 
after the injection. Scale bar, 20 /im. 



differentiation, because its expression increases as neuronal 
cells mature,^^ whereas the expression of MAP5 is generally 
abundant in neuronal cells at very early developmental stag- 
es,^^ These facts explain why the expression of MAP5 in the 
grafted cells increased earlier than that of MAP2ab. GFAP and 
MBP are markers for astroc>ies and oljgodcndroc)ies, rcspec-' 
tively. The expression of MBP was hardly detected up to 4 
weeks, whereas that of GFAP increased between 2 and 4 
weeks after the grafting- This finding indicates that the hip- 
pocampal stem cells did not differentiate into oligodendrocyies 
but into astrocytes after the grafting, although they differenti- 
ated into both glial lineages in vitro.^ It also suggests that the 
specific microenvironment in the retina, where no oligoden- 
drooies exist, may affect the faie of differentiation of the 
hippocampal stem cells. As for the retinal cell markers, HPC-1, 
calbindin, and rhodopsin, their expression in the grafted cells 
was hardly obser\ed at any time after the grafting, indicating 
the failure of differentiation into retinal neurons even at the 
end of 4 weeks after the grafting. One possible reason for the 
failure is absence of uni^nown local cues in injured adult retina. 
There may be some tinknown factors that are expressed only in 
earlier stages of retinal development and permit the hippocam- 
pal stem cells to differentiate into retinal neurons. Another 
possible explanation is limited plasticity of the hippocampus- 
derived neural stem cells. Tliey may continue to possess the 
characteristics of cells in the hippocampus, from w hich they 
are derived, even after being transplanted into retinal tissue. 



Immunoelectron microscopic study revealed the exis- 
tence of graft- graft and graft- host contacts. The grafted cells 
formed puncta adhaerentia-like and asymmetrical synapse-like 
structures with the host cells. Not only mechanical contacts 
but also intercellular signaling could be formed between the 
graft and host cells. There are several reports describing graft- 
host synapse formation in the adult CNS in homotopic trans- 
plantation, such as retina to retina,^'**^^ and also in heterotopic 
transplantation, such as retina to cerebeUum.^^ It is still un- 
known whether these synapse-like stniciures actually function; 
however, the formation of such sirucmres is significant evi- 
dence for integration of the grafted cells into the host retina. 

Deriving Retinal Neurons from Neural Stem Cells 

Further studies are needed to establish the utility of neural 
stem cells for replacement and reconstruction of retinal neu- 
rons. One possibilit\' is retina-derived neural progenitor cells. A 
recent study revealed that embryonic retina-derived neural 
progenitor cells can differentiate into photoreceptors ;n 
vitro. ^~ If they maintain the characteristics of retinal cells 
through expansion in vitro, they may differentiate into retina- 
specific neurons after transplantation. Another possibility is 
modification of cellular characteristics of the hippocampus- 
derived neural stem cells for retina-specific differentiation by 
iransfcction of key molecules such as homeobox genes.^^*^^ 
Also, pretreatment of the neural stem cells with growth factors 
is a possible means of controlling the cells' fate. In fact, in our 
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Figure 4. Immunoelcctron micros- 
copy on sections at 4 weeks after 
transplantation. (A) Grafted ceUs are 
identified by the presence of gold 
panicles indicating immunoreactiv- 
iiy for ^-gal. A gold-labeled grafted 
cell (Gl) in the IPL extended its 
pseudopodia (p) and made contaa 
with another grafted cell (G2). Note 
that the grafted cells contained a 
large number of mitochondria (mt). 
CB) A grafted ccU (G) extended its 
process (jarroxv) and made close con- 
tact with a host cell (H) in the inner- 
most part of the INL (Q A grafted 
cell (G) in the INL formed contacts 
with host ceUs (H). Both symmetrical 
{arrows) and asymmetrical {arrow- 
head) membrane thickenings were 
observed, (p) An axon terminal of a 
grafted ceU (G) labeled with gold par- 
ticles {small arrows) in the IPL con- 
tained synaptic vesicles {arrow- 
heads) and formed a synapse-like 
structure with a host cell (H). 
Postsynaptic density {large arrow) 
was observed in the host cell. Scale 
bar: 1 pLtn (A, B); 500 nm (C, D). 




previous study, we found that some neurotrophins affect the 
differentiation of the hippocampal stem cells in vitro^*^; how- 
ever, growth factors that can induce neural progenitor cells to 
produce retina-specific neurons have not yet been identified. 



Conclusions 

In conclusion, this study has yielded basic and important in- 
formation regarding the transplantation of adult rat hippocam- 
pus^lerived neural stem cells into the adult retina. First, incop 
poration of the grafted neural stem cells was achieved in 
injured adult retinas. Second, some of the incorporated neural 
stem cells showed differentiation into neuronal lineage and 
formed graft- host contacts such as puncta adhaerentia- and 
synapse-like structures. Third, even after successful transplan- 
tation and differentiation into cells of the neuronal lineage, the 
neural stem cells failed to differentiate into retina-specific phe- 
notypcs as shown by expression of HPC-1, calbindin, and 
rhodopsin, possibly because of their basic inabilif>' or an ab- 
sence of local cues essential for differentiation into retinal 
neurons. 
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ed that the progenitors can differentiate it, vitro into mature neu- 
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Figure 1, RTPCR onaV^is of the expression of markers in human ES cell 
colonies, ES-derived spheres, and in differentiated cells originating from 

• ihe spheres. (A) Oct-4 . nestin, and PAX-6 in human ES cell colonies ai 
one week after ptating and In neural progenitor (NP) spheres. (B) The 

- expression of rx>n-r>eural marker ger>es in human ES cell-derived 

spheres. (C) Neuronal and glial rr^rkers in ditferentialed cells originating 
from human ES cell-derfvecJ neural progenitor spheres. All panels show 
2% agarose gels stained wrth ethidum bromide. The symbols + and - 

} indicate whether the PCR reaction was done with or wrthout the addition 

7: of reverse transcriptase. A 1 kb plus ON A ladder wes used in all panels. 
Oct-4 band is 320 bp, nestin 208 bp» PAX-6 274 bp, p-acttn 291 bp, keratin 
790 bp, Ftk-1 199 bp, CD34 200 bp. AC133 200 bp. transioriin 367 bp. 

■i amylase 490 bp. a1 -antitrypsin 360 bp, pip and dm-20 are 354 bp and 

i 249 bp. respectively, MBP is 379 bp. GFAP is 3B3 bp. NSE is 254 bp. and 

i NF-Mis430bp, 



GCTM-2, which ideniifies undifferemiaied ES cellsS and did not 
express the early neuroectodermal marker N-CAM (data not 
shown). These distinct areas had a uniformly white-gray and 
opaque appearance under dajk-field stercomicroscopy (Fig. 2A), 
and could be identified in 54% of the colonies (67/124). They were 
surrounded by cells with diverse morphologies expressing a Urge 
array of somatic and extraembryonic markers, including muscle 
actin and desmin^ a- fetoprotein, hepatocyte nuclear factor 
(HNF)-a, cardiac actin. and kallikrein (RT-PCR; not shown). 

Assuming that the cells in the distinct areas gave rise to the adja- 
cent N-CAM^ cells, clumps of about 150 cells were mechanically 
isolated from these areas and rcplated in serum-free mediam^^ 
Under these culture conditions, the clumps formed free-floating 
spherical structures within 24 h. 

Supplementing rne medium with basic fibroblast growth factor 
(bFGF) and epidermal growth factor (EGF)> a growth factor combi- 
nation that is known to be effective for the propagation of human 
fetal- and adult-derived neuroepithelial progen)iors''''S facilitated 




Figure 2. Analysis of morphology and marker expression in human 
ES-derived progenitor cells. (A) DarMiald stereo microscope photograph 
of a differentietir^ ES cell colony, four weeks aflor plating, wHh areas of 
cells (arrows) that are destined to give rise to neural progerwtors. 
(B) Phase contrast micrograph of a sphere cultured in serum -free 
medium. (C-F) Indirect immunofluorescence sta'Miing oi progenitor cells, 
4-12 h after disaggregating of spheres and plating on adhesive substrate, 
for N-CAM, vimentin, nestin. and A2B5, respectively. Bars =1.6 mm (A). 
lOO^im (B). 25Mm (C. E, F). 35Mm (D). 



sequential propagation and expansion of the sphere cultures. 
During the first two weeks in culture, some cell death wai observed 
and the spheres graduaDy acquired a uniform round morphology 
(Fig. 2B). A detailed analysis of marker expression and the growth 
and differentiation potential of the cells within the spheres was 
conduaed in three preparations that were separately derived and 
propagated. 

The level of proliferation of the ceDs within the spheres was 
monitored indirectly by measuring the increase in the volume of 
the spheres over time. Most of the cells within the spheres were 
viable as demonstrated by Trypan Blue staining (94 ± 3.2%, n = 47 
spheres). A positive correlation between the volume of the spheres 
and the number of ceUs within the spheres (Fig. 3B) was 
documented at various passage levels (5-15 weeks after deriva- 
tion), indicating that an increment in sphere volume could be 
used as an indirect indication of cell proliferation. The spheres 
grew over an 18- to 22- week period, after which time the volume 
of the spheres was stable or declined. A relatively rapid growth rate 
was observed during the first five 10 six weeks after derivation, 

with a population doubling time of -4 ? days. It was followed by a 
10- to 1 6-week period of slow and suble celi growth with a popu- 
lation doubling time of -2.5 weeks. This proliferative capability 
could potentially allow a significant expansion of the progenitor 
celi cultures (Fig. 3A). 
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Figure 3. Cumulative growth curve tor human ES-derived progenitor cells. 
(A) Continuous growth Is evkJem during an is- to 22 -week period. The 
incremeni \r\ The volume of the spheres was continuously monitored as an 
indirect measure of the increase in cell numbers. A linear positive 
conelation between the volume of the spheres and the number of cells 
within the spheres (B. insert) was maintained during cultivation. 



Characterization of the progenitor cells within the spheres. Cells 
in the spheres expressed markers of neural progenitor cells, such as 
N-CAM (ref. 21; Fig. 2C), the intermediate- filament protein 
nestin^-' (immunostaining, Fig2E; RT-PCR, Fig. lA), A2B5 (ref. 23; 
Fig. 2F), vimentim* (Fig. 2D), and the transcription factor PAX-6 
(Fig, lA). The expression of these markers was maintained vsrith 
prolonged cultivation in vitro (18 weeks). 

To evaluate the proportion of neural progenitors in the cultures, 
spheres were disaggregated into single cells that were plated, fixed, 
and analyzed for the expression of the early neural markers 
(Fig. 2C-F). A high proportion of the cells expressed N-CAM 
(99 ± J.6%,ti^ 11 experiments), ncstin (97±2.3%,n= 10 experi- 
ments), and A2B5 (90.5 + 1 . 1 %, n = 6). A lower proportion of cells 
were immunoreactjve to the vimentin-specific antibody 
(67 ± 16.8%, n -9 experiments). These proponions were stable 
during cultivation of the spheres (up to 18 weeks). 

Oct-4 is a member of the POU-domain transcription factor fam- 
ily whose expression is limited in the mouse to pluripotent cells and 
is downregulated upon differentiation^'. We have previously 
demonstrated a similar pattern of expression in human ES ccUs*. 
Oci-4 was not expressed by cells in the neural progenitor spheres^ 
indicating that undifferentiated human ES cells were not present 
within the spheres ( Fig. J A). 

To determine whether ccUs that had acquired markers of other 
tissues or lineages were present within the spheres, the expression of 
markers representing derivatives of mesoderm, cndoderm, and epi- 
dermis were examined. Ceils wiihin the spheres expressed tran- 
scripts of markers of hematopoietic/endothelial progenitors 
(CD34, AC- 133, Flk-1)» endoderm (al -antitrypsin, transferring, 
and amylase) and epidermis (keratin), as demonstrated bv RT-PCR 
(Fig. IB). Markers of extraembryonic endoderm were not expressed 
by the progenitors (a-fetoprotein and HNF-a, RT-PCR; not 
shown) or their differentiated progeny (iow-moJecuIar-weight 
cytokerattn and laminin immunostaining; nor shown). The expres- 



sion of transcripts of non-neural markers was evident after pro- 
longed cultivation of the spheres. It could represent contamination 
by a small number of non-neural cells generated during the deriva- 
tion of our cultures. Alternatively, it could represent plasticity of 
primitive neural progenitors that expressed markers, or gave rise to 
cells from other lineages"-^'. Whatever the source, additional selec- 
tion either on the basis of cell-surface markers'* or on the expres- 
sion of lineage-specific genes'^ may be needed to generate pure 
neural cultures. 

In vitro neural differentiation. The neural progenitors in the 
spheres could differentiate in vitro into derivatives of the three fun- 
damental neural lineages. In general, differentiation was induced 
plating whole spheres on an appropriate substrate in the absence of 
grovirth factors. Under these conditions the spheres attached rapid- 
ly, and cells migrated out to form a monolayer of dififerentiated cells 
(Fig- 4A). 

Foi neuronal differentiation studies, spheres were plated on 
poly-D-lysinc and laminin- coated dishes. Aiter two to three weeks, 
cells that migrated out and formed a monolayer both displayed the 
morphology and also expressed the structural markers thai are 
characteristic of immature neurons, such as Pm-tubulin (Fig. 4B), 
the 70 kDa neurofilament proteins (Fig. 4C), and neuron-spccifi-.; 
enolasc (NSE; Fig. IC). Moreover, the differentiated cells expressed 
markers of mature neurons such as the 160 kDa neurofilament pro- 
teins (NF-M. Fig. 4D; RT-PCR. Fig. IC), MAP-2ab (Fig. 4E). and 
synaptophysin (Fig. 4F). Furthermore, the cultures contained cells 
that synthesized glutamatc, expressed glutamic acid decarboxylase 
(GAD; the rate-limiting enzyme in GABA biosynthesis), synthe- 
sized GABA and serotonin, and expressed tyrosine hydroxylase 
(TH; Fig. 4G-K). Neurons that synthesized GABA and glutamatc 
were relatively abundant, comprising 35% and 15% of the neuronal 
population, respectively. TH- and serotonin-producing cells wcio 
relatively rare (<1%). 

For glial differentiation studies, spheres were plated on poly-D* 
lysine- and fibronectin-coated dishes and were cultured first in the 
presence of EGF, bFGF, and platelet-derived growth factor-A.A 
(PDGF-AA), followed by culture in the presence of tri-iodothyro- 
nine (T3). The combination of bFGF and PDGF-AA is known to 
promote the proliferation of glial precursor cells'\ whereas T3 has 
been shown to enhance differentiation of oligodendrocyte lineage 
cells from human embryonic neural spheres*^ 

Differentiation into astrocytes was demonstrated by the presence cf 
cells that expressed glial fibrillary acidic protein (GFAP) (Fig. 4L: 
RT-PCR, Fig. 1 C). Obgodendrocyte lineage cells were infrequent under 
our culture conditions and few cells were irrununoreactive to 04, an 
antibody recognizing oligodendrocyte- specific glycolipids^' (Fig. 4M). 
Differentiation to the oligodendrocyte lineage was further confirmed 
by demonstrating the expression of R>3A transcripts of both myelin 
basic protein (MBP) and the pip gene (Fig. IC). The pip gene encodes 
the proteolipid protein and its alternatively spliced product DM -20, 
which arc major proteins of brain myelin''. 

To evaluate the proportion of neurons versus glial cells followint'. 
induction of differentiation, spheres that were propagated 10 weeki 
were disaggregated and plated on poly- D- lysine- and laminin - 
coaled dishes and cultured in the absence of mitogens for five days. 
Fifty-seven percent of the cells were immunoreactjve to 
anti-P lii-tubulin (a marker characteristic of immarure neurons) and 
26% to anti-GFAP. Therefore, at least 83% of the cells took on a 
neural fate. The potential of the neural progenitors lo give rise to 
both neurons and glial cells in vino was maintained for the dura- 
tion of the 22 weeks of propagation. 

Integration and differentiation in host brain. To explore the 
developmental potential of the human ES-derived neural progeni- 
tors in vivo, disaggregated bromodeoxyuridinc (3rdU)-iabeled 



1136 



mlurit,fc!whno!ogy « VOLUr^ElS * DECEhSBEfi 2001 - nnpJ/bmtCh.m^urcsom 



FROM BIOMEDICAL INFORMATION SERVICE 



(THU) 1.16*03 16:06/ST. 16:00/NO. 4862209877 P 9 

Research Article 




Figure 4. Phase contrast appearance and marker 
expression of diHerenliated cells originating from human 
ES-<Jerived neural progenitor spheres. (A) Phase contrast 
micrograph ot ditterentiated cells emanating from a sphere 
two weeks after plating onto an adhesive surface and 
culture in the absence of growth factors. (B-M) Indirect 
immunofluorescence microscopy ot ditterentiated cells 
decorated with anybodies against the following neuronal 
and glial markers: |i,.-tubulin (B). 70 kDa neuroliiament 
proteins (C). 160 kDa neurofilament proteins (D), MAP2ab 
(E), synaptophysin (F). glutamic acW decarboxylase (G), 
GABA (K), glutamate 0), serotonin (J), tyrosine 
hydroxylase (K). GFAP <L). 04 (M). Bars = 200 pm (A. D). 
50 urn (E), 20 \xm (B, C. F-M). 



spheres were ijDplanted into the lateral cerebral ventricles of new- 
born mice>'. Transplantation was performed 9-15 weeks after 
derivation of the neural spheres. Histological and immunochemi- 
cal evaluation of serial brain sections was performed 4-6 weeki 
after transplantation. Numerous BrdU^ cells were found in 9 out of 
14 recipient animals, and successful engraftment was documented 
with donor cells from the three neural progenitor populations 
(Fig. 5). Transplantation efficiency was highly variable. BidU* cells 
were not observed in the brain parenchyma of control animals that 
received transplantation of killed, BrdU-labeled, neural progeni- 
tors (Fig. 5D). The human origin of the cells decorated with ami- 
BrdU was confirmed by double labeling with a combination of 
anti-BrdU and anti-human specific ribonucleo- 
protein antibodies (Fig. 6A-D). The identity of 
the transplanted human cells was also confirmed 
by immunofluoresccnt staining with human- 
specific anti-raitochondrial antibodies (Fig. 
6£_G). The distribution of cells that were 



immunoreactive with anti-BrdU and with hurnan- 
spccific anti-mitochondrial antibody in various 
regions of host brain vras similar. 

Brains that were examined a week after transplan- 
tation exhibited clusters of donoi cells lining the ven- 
tricular wall (Fig. 5A)- Four to six weeks following 
transplantation, human ceUs had left the ventricles 
and migrated in large numbers mainly as individual 
cells into the host brain parenchyma. The human ceils 
demonstrated a widespread distribution in various 
regions of the host brain including periventricular 
areas, the entire length of the corpus caLosum. fim- 
bria, internal capsule, diencephalic tissue around the 
third ventricle, and dentate gyrus (Fig. 5B, E-H). 
Transplanted human cells also migrated anierioriiy 
from the subventricular zone along the rostral migra- 
tory stream (Fig. 5C) and populated the olfactory bulb, indicating 
their potential to respond to local cues and migrate along estab- 
lished host brain tracu. 

Differentiation in vivo into the three fundamental neural Uneages 
was demonstrated by immunochemical studies using anti-human 
cell type-specific antibodies or double -labeling experiments with 
both anii-BrdU or anti-human specific ribonuclcar protein (RNP) 
and anti-neural cell typ^specific antibodies. Glial differentiation of 
the transplanted cells was abundant in the periventricular areas that 
consist of white-matter tracks where glial differentiation in the post- 
natal period is predominant. In vivo differentiation into astrocytes 
was demonstrated by immunochemical staining with anti^human- 



Ftgure 5. DissenrMnation of transplanted BrdU* human 
E5-derlved neural progenitor cells in the mouse host 
brain. (A) Two days after transplantation, most cells 
were found lining the ventricular wall. (B) After four to 
six weeks, most.cells had left the venirides (V) and 
populated the corpus callosum (CC), fimbria (iim). 
and internal capsule (ic). (C) Chains of BrdU* cells 
were found in the RMS. (D) Iri animals that were 
transplanted with dead BrdU-labeled cells, there was 
no BrdU staining in the brain parenchyma (E) BidU' 
cells in the periventricular while mailer. (F) High 
magnification of BrdU* cells in the corpus cailosurr.; in 
the cortical layer above the corpus callosum {*) there 
were no BrdU* cells. (G) High-magniTicaiicn Image 
showir>g BrdU' cells populaling the fimbria. [H) 
Low-magnification image showing BrdU* cells in the 
dentate gyrus. Sir, striatum; hipp, hippocampus. 




DECEMBER 2001 



VOLUME 19 • nafyJT t»oXfC^,nology 



1137 



ROM BIOMEDICAL INFORMATION SERVICE 

Research Article 



tTHU) 1- 16' 03 16:07/ST. 1 6 : 00/NO. 4862209877 P IQ 




Figure 6. Idenlfflcation of the transplanted cells in the brain by hunfian and neural 
lineage-specHic markers. (A-D) Nuclei (identified in Non^arski optics, parcel A) were 
double labeled for BrdU (green fluorescence, panel B) and human-specific anti-RNP 
(red fluorescence, panel C).The nuclear co-localization (D) indicated thai BrdU* cells 
were indeed of riuman origin. (E-G) A typical chain ol transplanted cells in the corpus 
callosum, stairted with hum an- specific anti-mitochondrial antibody. The mitochondrial 
staining (green fluorescence, panel F) on Nomarsky background (blue; panel G, cell 
nuclei indicated by asterisks) shows typical perinuclear localization. (H) A 
periventricular transplant-derived astrocyte detected by a human-specitic anti-GFAP 
antibody. (I-L) A transplant-derived astrocyte from the periventricular region, The 
nucleus (ioentltied by Nomarski optcs, panel I) ts labeled with BrdU (J. green 
fluorescence), indicating its origin from the graft and surrounded by G FAR staining 
(K, L). (M-P) A human otigodendrocyle progenitor cell identified in the periventricular 
region. The cell membrane (M, arrows) and nucleus (M. arrow and asterisk) are 
identified by Nomarski opiics. Co-labeling of nucleus by anti-BrdU (N) and cell 
nrvembrane by anti-NG-2 (O) are demorwtrated in image (P). (Q) A CNPase* 
oligodendrocyte (green) in the corpus callosum. co-labeled with human-specmc RNP 
(red). (R) A piirtubulin* neuron (green fluorescence) in the oflactory t)ulb. co-labeled 
with human-specific RNP (red). (S) Neuronal processes in the fimbria, stained with a 
human-specific antl-70 kDa neurofilament Bars = ^0\^m. 



specLfjc GFAP (Fig 6H) and by double labeling for BrdU and GFAP 
(Fig, 6I-L). Transplanted cells that differentiated into the oligoden- 
droglial lineage were demonstrated by double immunostaining with 
and-BrdU and anti NG-2 (a marker of oligodendrocyte p'rogeni- 
tors^'*) or anti-human RKP and anti- 2'3'- cyclic nucleotide 
3'- phosphodiesterase (CNPasc; Fig. 6M-P and 6Q, respectively). 

Neuronal differentiation of the human transplanted cells was 
specifically demonstrated in the olfactory bulb, a region where neu- 
ronogenesis occurs after biruh (Fig. 6R). Neuronal processes of 
iransplanied cells were also detected by a human-specific anti-light 
chain neurofilament antibody in the fimbria (Fig. 65). 

There was no histological evidence of teratoma or non-neural 
tissue format ion in any of :he recipient animals. 



Discussion 

Our fmdings show that a highly enriched population of 
proliferating neural progenitors may be derived from 
human ES cells. These neural progenitors are capable of 
extensive proliferation in vitro while retaining their poten- 
tial to give rise to the three fundamental neural lineages 
and to participate in mammalian brain development. 
Derivation of proliferating, highly enriched tissue-specific 
progenitors from human ES cells, as exemplified here for 
the neural lineage, is expected lo be highly valuable for the 
analysis of the stages of early development and for the 
development of a donor source for tissue reconstruction. 

Our culture conditions promoted the undifferentiated 
proliferation of the human ES-derived neural progenitors 
for 20 weeks. Throughout cell propagation » expression of 
markers of early neuroectoderm was maintained, as vras 
the progenitors* potential to differentiate into neurons and 
glial cells. The neural progenitors did not express markers 
of ES cells or the morphology and markers of differentiat- 
ed neural cells. It should be noted that because the neural 
progenitors were not subjected to clonal analysis, it is not 
possible to determine whether our cultures contained 
multipotent human neural stem cells or a mixture of more 
restricted neural progenitors^^ Nevertheless, our 
approach could distinguish among the early phases of 
human neurogenesis, including pluripotent ES stem cells* 
the proliferation of neural progenitors, and their differen- 
tiation into neurons and glial cells. This is the first step 
toward the development of more refined in vitro models 
that will distinguish between neural progenitors at various 
levels of commitment^* and will allow the dissection of the 
cellular and molecular processes accompanying the vari- 
ous stages of development of the human nervous system. 

Our data demonstrate that neural progenitors derived 
from human E5 cells in vino can respond appropriately to 
normal developmental cues in vivo. Following transplan- 
tation to the cerebral ventricles of newborn mice, the 
donor cells migrated in large numbers into the host brain 
parenchyma and became widely distributed. The engraft- 
ment efficiency was variable, and additional studies arc 
required to determine to what extent, if at all, in vivo pro- 
liferation of transplanted cells contributed to the total 
number of human cells in host brains. Migration of the 
transplanted cells was not random, and the human prog- 
enitors followed established brain pathways^ indicating 
that they respond to hosts signals. The human ES 
cell-derived neural progenitors differentiated in vivo into 
neurons, astrocytes, and oligodendrocytes. Differentiation 
into neurons was demonstrated in the olfactory bulb 

where host differentiation into this lineage occurs in the 

postnatal period, whereas differentiation into astroglia 
and oligodendroglia was demonstrated in subcortical white-matter 
tracts where gliogenesis predominates and neurogenesis is com- 
plete^^ These data demonstrate that cell fate was determined in a 
region- specific manner and according to the region's stage of 
development. 

When ES cells, including those of human origin, are engrafted into 
various organs of young adult host mice, they may give rise to leraio- 
carcinoma or teratomas' ^ We did not observe the formation of ter- 
atomas or non-neural tissues in any of the transplanted mice, and we 
also could no: detect expression of the stem cell marker Oct-4 in the 
neural progenitor cultures. Thus, contamination by undifferentiated 
£S cells wa$ probably eliminated by our selective derivation and 
propagation protocols. Nevertheless, given the expression of tran- 
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scripts of markers of jion-neuf al lineages by the cells in our cultures* 
additional immunohistochemical and molecular studies are needed 
to determine whether non-neural human cells are generated in the 
host brain parenchyma. Thorough long-term studies arc required to 
determine the safety of the transplantation of human ES cell-derived 
neural progeny, and to rule out potential hazards such as tumor for- 
mation or the development of cells from other lineages. 

Data are accumulating rapidly regarding the signals and factors 
that govern the proliferation of neural progenitors and determine 
ihcir fate during CNS development''. In this study we have used 
this knowledge to generate an enriched, expandable population of 
developmenially competent neural progenitors from human ES 
cells. This work serves as a platform for further manipulations with 
growth and differentiating factors that may eventually enable the 
derivation of specific neural cells^^, and may faciUtate the use of 
human ES cells as a useful tool in basic neurosciencc research and 
regenerative medicine. 

Experimental protocol 

Derivation and cuhure of progenitor cells. Human ES cells (HES- 1 cell line*) 
with a stable nomial C46XX) karyotype were cuhured on mitomycin C mitot- 
ically inactivated mouse embryonic fibroblast feeder layer in gelatin-coated 
tissue culture dishes as described*. After three weeks of continuous culture, 
t patches containing - 150 cells each were cut out from distinct areas within the 
; differentiating ES colonies luing the raior-sharp edge of a micro-glass 
i pipette. Contamination by other cell types was avoided by paying careful 
- attention to cut well within the distinct aica». The cJu&ters of cells wcic 
transferred to plastic tissue culture di&hcs containing growth medium thai 
? consisted of Dulbecco's minimal essential medium (DMEM)/F 12 (1:1), B27 
. suppicmentation (1:50), glutaminc 2 mM, penicillin 50 unils/mi, and strep- 
tomycin 50 ^ig/ml (Gibcos Gaiihersburg. MD), and supplemented with 
r 20 ng/ml human recombinant EOF and 20 ng/ml bFGF ( R&D Systems. Inc., 
Minneapolis, MN). The clusters of cells developed into round spheres that 
were subcultured by dissection into quarters (by rwo no. 20 surgical blades; 
. Swann-Morton. Sheffield, UK), every 7-21 days when their diameter exceed- 
ed 0.5 mm. Fifry percent of the medium was replaced every three to four days. 

; Analysis of growth. The increment in the volume of 24 spheres was monitored 
weeWy starting from the first passage (one week after derivation). A stereomi- 
croscope was used to measure the diameter of indrvidual sphere^, and iherr vol- 
ume was calculated using the equation for the volume of a b^ll The spheres 
were passaged every 7-2 1 days when the diameter of at least six spheres exceed - 
^ ed 0.5 mm. At each passage, six spheres (diameter >0.5 mm) were sectioned 
^ into quarters that were plated individually in a 24 -well tissue culture dish. 
\ When growth was evaluated a week after passage, the sum of volumes of the 
daughter spheres was compared to the sum of volumes of the mother spheres. 

Immunohistochemistry studies. Iromunostaining of ES cell colonics to 
evaluate the expression of GCTM-2 and N-CAM was performed as 
dcicrjbcd*. Standard protocols were used for the immunophenotyping of 
spheres, disaggregated progenitor cells, and differentiated ccUs. Fixation 
with 4% paraformaldehyde was used unless otherwise specified. Primary 
antibody localization was done by using swine anii-rabbit and goat anti- 
mouse immunoglobulins conjugated lo fluorescein isothiocyanate (FITC 
1:20; DaJto, Carpinteria, CA}, and goat anti-mouse IgM conjugated to Texas 
Red (1:50; )ackson Laboratories, West Grove, PA). Proper controh for pri- 
mary and secondary antibodies revealed neither nonipecific staining noj 
antibody cross-reactivity. 

To characterize the immunophcnotype of cells within the aggregates, 
spheres that were cultivated 6-18 weeks were disaggregated and the single 
cells were plated on poly-D-lysinc (30-70 XX>a, JO Mg/ml; Sigma. St. Louis, 
MO) and laminin (4 pg/ml; Sigma), fixed after 4- J 2 h, and examined for the 

expression of N-CAM (acetone fixation, 1:10; Dako), nestin (rabbit anti- 
serum, a gift of Dr. Ron McKay; 1 :25), A2B5 { 1 120; American Type Cultur e 
Collection, ATCC, Manassas. VA), and vimenlin {methanol fixation, 1:20, 
Roche Diagnostics AuslraUa. Casac Hill, NSW). Two hundred ccHi wcir 
scored within random fields (at 400x) for the expression of each of these 
markers, and the experiments were repeated at least three times. 

For the study of the expression of extraembryonic endodermal markers. 



whole spheres were plated on poly-o-lysinc and fibronectin (5 pg/ml; 
Sigma), cuhured four weeks in growth medium without growth factors, and 
examined for the expression of tow-molecuiar-weighi (LMW) cytokeratin 
(Bcckton Dickinson, San Jose. CA)and laminin (1:500; Sigma). 

Neuronal differentiation was induced by cuhuring the spheres on poly- 
D-I)'sine and laminin in growth medium without supplementation of 
growth factors for two to three weeks. In some of the experiments, starting 
from the sixth day after plating, the medium was supplemented with all- 
trans retinoic acid (10"* M; Sigma). Differentiated celh were analyzed for 
the expression of 160 kDa neurofilament protein (methanol fixation, 1:50; 
Chemicon, Temecula, CA), 70 kDa nrurofilament protein (1:100; 
Chemicon), MAP2ab (1:100; Neomarkers. Union City, CA), glutamate 
(1:1,000; 1% (wi/vol) paraformaldehyde'1% (vol/vol) gluraraldehyde fix- 
ation; Sigma)^ synaptophysin (1:50; Dako)» TH (Sigma), serotonin 
(1:1,000; Sigma), GAD (1:200, 1% (wt/vol) paraformaldehyde- 1% 
(vol/vol) gluiar aldehyde fixation; Chemicon; 1:200), GAB A (1:1,000; 
Sigma), and Pm-tubulin (1:150; Sigma). To determine the proportion of 
neurons that synthesized the various neurotransmitters, at least 100 cells 
were scored within random fields of the outgrowth from differentiating 
spheres (at 400x) for the exprwsion of ^nrtubulin and each of the neuro- 
transmitters, and the experiments were repeated at least three times. 

To enhance the differentiation toward the glial lineages, spheres were plat- 
ed on poly-D-lysine and fibronectin, cultured two weeks in growth medium 
supplemented with recombinant human PDGF-AA (20 ng/ml), bFGF 
(20 ng/ml), and EGF (20 ng/ml). followed by (wo weeks in the presence of 
T3 1 30 nM; Sigma) only. Differentiated ccUs were analyzed for the expression 
of GFAP (1:50; Dako) and 04 (1:10; Chemicon). 

Reverse transcription (RT)-PCR analysis. Total RNA was collected from 
human ES cell colonies (one week after passage), fionn ficc- floating spheres, 
and Prom differentiated cells growing from spheres that were induced to dif- 
ferentiate to the neuronal or glial lineages as detailed above. Total RNA was 
isolated using RNA STAT- 60 solution (TEL- TEST, Inc., Friendswood, TX) 
and was reverse-transcribed into complementary DNA (cDNA) with 
Superscript First Strand Synthesis System (Gibco) using oligo (dT) as a 
primer according to the manufacturer's instructions. PGR was carried out 
using standard protocols with Taq DNA Polymerase (Gibco) or Tfl DNA 
Polymerase (Promega. Madison, WI). Primer sequences (forward and 
reverse) and the length of amplified products were as follows: Oct-4 
(primers^); nestin, PAX -6, NSE, NF-W,pip Tprimers'^); keratin, amylase, 
al-8ntitr)'psin (primers'); flk-1, CD34, AC 133 (primers'*); GFAP. MBP 
(primers'"); transferrin: 5'-CTGACCTCACCTGGGACAAT-3'. 5'-CCAT- 
CAAGGCACAGC-3' (367 bp); a-fctoproiein: 5'-CCATGTACaTGaG- 
CACTGTTG-3', 5'-CTCCAATAACTCCTGGTATCC-3' (338 bp); HNF-a: 
5'-GAGTrTACAGGCrrGTGGCA-3', 5'-GAGGGCAATTCCTGAGGATT- 
3' (390 bp). As a control for messenger RNA (mRNA) quality, p-actin tran- 
scripts were assayed using the same RT-PCR and the following primers: 
5'-TCACCACCACGGCCGAGCG-3'. S'-TCTCCTTCTGCATC(rrGTCG-3' 
(291 bp). Amplification conditions were as follows: 94X for 4 min followed 
by 40 cycles of 94'*C for 15 s, SS'C for 30 s, 72*C for 45 s, and extension at 
72<»C for 7 min. Products were analyzed on a 2% agarose gel and visualized 
by elhidium bromide st&ining. 

TjBQsplaniation to the developing brain. Spheres were cultured in the pres- 
ence of BrdU (50 \iM: Sigma) for 10 days. Fifty percent of the medium was 
replaced every three to four days with fresh medium containing fresh BrdU. 
The spheres were then disaggregated; 86% of the cells were viable as deter- 
mined by TVypan Blue staining, and 40% were decorated by anti-BrdU. 
Approximately 50,000-100,000 cells (in 2 |il PBS) were in)eacd into the lat- 
eral ventricles of newborn (PI) mice (Sabra mice; Harlan. Jerusalem, Israel) 
by using a glass micropipette (300 Mm outer diameter) connected to a 
micro-injector (Narishigi inc., Tokyo, Japan). Transplantation of dead, 
BrdU-labcled, human ES cell-derived neural progenitors served as control 
experiments. The neural progenitors underwent three cycles of freezing by 
plunging into liquid nitrogen and thawing in room temperature just before 

transplantation. At one to six weeks of age, jccipicnts were anesthetized and 
perfused with 4% paraformaldehyde in PBS. 

Detection and characterization of donor human neural progenitors in 
vivo. Serial frozen sections were examined by iramunosiaining after 
postfixation with acetone or with 4% paraformaldehyde. The transplanted 
cells were detected by Lmmunostaining with anlibodies for BrdU 
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(1:20; Dako), anli-human specific RMP antibody (1:20; Chemicon), and 
anti-human specific mitochondrial antibody (1:20; Chemicon). BrdU 
antibody was detected by using the pcroxidase-conjugatcd Vecwstain kii 
(Vector Laboratories, BurIingamc>CA)» developed with di ami nob enzi dine 
(DAB), or by using goat anti-mouse JgG conjugated to Alcjta 488 ():100; 
Jackson). Anii-RKP and mitochondria) antibodies were detected with goat 
anti-mouse IgM conjugated to Cy5 and goat anti-mouse IgG conjugated to 
Alexa488, respectively (1:1 00; Jackion). Transplanted astrocytes were iden- 
tified by double staining for BrdU and GFAP (1:100; Dsko) or by anti- 
human specific GFaP (1:100; Sternberger Monodonals Jnc, Luther Wile, 
MD). Anti-CNPase (1:)00; Sigma) and anti NG2 (1:100; Chemicon) were 
used for the oligodendrocyte lineage. Neurons were delected by immunos- 
laining with human-specific anli-neurofilamenl light chain (1:100; 
Chemicon) and anti-Pm-tubuUn (antibody as detailed above; 1:100). Goat 
anti' rabbit conjugated to Cy5 (1:100; Jackson) and goal anti-mouse IgG 
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Summary 

Epidermal growth factor* responsive neural precursor 
cells were used as donor cells for transplantation into 
wfld'type and myelm-defident shiverer (ski) mice. The 
cells engrafted rohustly within the CNS following 
intracerebroventricular and cisternal transplantation in 
neonatal mice. The cells adopted glial phenotypes, and 
some functioned as oligodendrocytes, producing myelin 



basic protein and morphologically normal intemodal 
myelin sheaths. When individual shi mice received two 
transplants (on post-natal days 1 and 3), donor-derived 
cells disseminated widely and expressed myeUn basic 
protein \n central >vhit£ matter tracts throughout the 
brain. 



Keywords: demyelination; epidermal growth factor; myelin basic protein; oUgodendrocyte; shiverer 

Abbreviations: p-gal = ^galactosidase; BrdU = bromodeoxyuridine; DMEM/F-12 = Dulbccco's modified Eaglets medium 
and F-12 nutrient; EGF = epidermal growth factor; GFAP = glial fibrillary acidic protein; GFF = green fluore^ent proton; 
P = post-naial day; MB? = myelin basic protein, md = myclin-deficient; shi = shiverer; PBS = phosphate-buffered salme: 
TBS = Tris'buffered saline. pH 7.6; CNPase = 2'3'-cycbc nucleotide 3 '-phosphodiesterase ^ 



Introduction 

Oligodendrocytes are specialized cells in the CNS that 
synthesize myelin^ the insxdating sheath around axons 
that increases the speed and efficiency of impulse conduction. 
Disorders that injure or kill ohgodendrocytes or affect 
myelination (multiple sclerosis, trauma and inherited leuko- 
dystrophies) lead to devastating neurological illness. An 
emerging therapeutic strategy for these conditions is to 
provide the CNS with new, healthy myebnating cells by 
transplantation, and studies in animal models suggest that 
myelin might be repaired using this approach (for reviews, 
sec Blakcmore and Franklin, 1991; Duncan et al, 1997). 

Initial work has suggested that transplanted cells survive, 
migrate and remyelinate more extensively if they arc 
relatively less well differentiated than the mature oligo- 
dendroglial phenoiype (Rosenbluih et al, 1990; GansmiiUer 
er fl/., 1991; WarringtOD ei al, 1993; Archer et al, 1997). 
Purified populations of bipotcntial glial progenitors have 
been expanded in culture and transplanted directly Lnio the 
brains of shiverer {shi) mutant mice (Wamngton er al. 1992) 



and the spinal cords of myelin-deficient {md) mutant and 
X-irradiated, ethidium bromide-lesioned rats (Groves et al, 
1993; Tontsch et al, 1994; Franklin and Blakemore, 1995). 
Extensive myelination has been reported^ but such cells may 
not have the capacity to survive or migrate through normal 
CNS tissue (Franklin et al, 1996; Gensert and Goldman, 
1997). 

Recently, attention has turned to transplanting even less 
committed, primitive precursor ('stem^ cells with increased 
mitotic and migratory capabilities (for reviews, see 
Alvarez-BuyUa and Temple, 1998; Isacson, 1999; Armstrong 
and Svendsen, 20(X)). The potential for these cells to engraft 
and become functional oligodendrocytes has been demon- 
strated using a multipoieni. immortalized stem-like cell line 
(Yandava et al, 1999) and totipotent embryonic stem cells 
(BriisUe et al, 1999; Liu et al, 2000). However, the presence 
of viral oncogenes and the risk of inuaventricular teratomas 
(Briistle et al, 1997) have stimulated the continued search 
for other uansplan table cell t)'pes. 
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BrdU 



GFP 




An interesting candidate is the epigenelically propagated 
neural precursor celJ derived from the striata] subventricuiar 
20DC. When such ceUs are cultured in a chemicallv defined 
ser^m-free medium with epidermal growth factor (ECF) 
they proUfcrate as cellular clusters floating in ti:e medium 
( neurospheres'). Qona] analyses indicate that such ceUs can 



uidmdually generate neurones, astrocytes and oli.o- 

,oS°n^'" (R^ynol'l'*' and Weiss, 1996: Grini ll 

i999). The subventricuiar zone is the source of endogenous 
precursors that can repair myelin damage m vivo (Gensen 
and Goldman. 1997; Nait-Oumesmar « al, 2999) Donor- 
denved myelin has been observed after such cells are 
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propagated in culture with Frp , v 

spinal cords ot md ^nnspl^,^ 

aiid the retinas of youne rn,vi " '^97). 

'>-c fibroblast ErIZ\Z ^tL" 1' 
spinal cords of X irraHi,t.T u .. '""splanfcd into the 
(Keirstead i iSJ) a^d^'?.'"'""' •'^-'""''-'"ion^, r«s 

(Avellana-Adalid 7ol "996 vi. T '^^ 
embo.onictelencephalic^entL^'?,:'.^' '^^> «he 
post-natal spina, cords (Zhan^ ^/^'^^f « ' ^999) and 
Human neural precursors ca^^ ff ' '^^^ of «</rats. 

cytes after they are Sed ^.^ f' " '"'^ °li«o<«endr<v 
the br.„3 of ice rdt^KK'^r/^JJ^r 
^5^98), raising the excitino r^..e. u v ' c/., 
eventually bio^e^aS' adtpS^^ ^JLr!! 
reso^ce for clinical neuroC^TaLr""^'^ """"^'^'^ 

transplantation Z w Id-ZlrT" ^'r 
Since clinical disorde ofTyel^r 
generalized, we injected ouSr^Tor' 
^nd/or cisten^ae to dissenuLtl^rrl ^^"^^^J" 
and since niyelination ocTun oof , ""^'^^ P^^^^e; 
Lee « at., 2000) we "'""'""^ ^^^^ ^ «view. see 

of neonates. mL nS^Z 2 T'''^'' '° 
^nsplants fon post-natal ^ S 1 a^d 3^""^ ^"^^ 
to demonstrate widely dissein^nl^V f^' " P««'We 
began to n,ye,i„ate ce^Th f 'r^^^"' "^'""^ 
the brain. ""^ '"atter tracts throughout 

Methods 

Methods for animal husbandry suro.r„ . 

our experiments were a^^ro / i„ 

C57BL/6J females and C3^m!, ^ ^'^^^ 'oci. 

Bar Harbor, Me VSM ^^ Laboratorv 
generate B6C3Frhybndi Sr ^^^^''y ^o 

l^l^TZuZt ^"^""^ b^ain sections 

GFP celk were found in conL LT"^ E»8rafted 

hippocan,paJ commissure (^^"'.^^^'"T '""^ 

he hjppocampal dentate ^n^i^^'^T*^, '"o'ecular layers of 
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Hypothalamus 



Cerebellum 



ROSA26 



BrdU 



GFP 




^^»g- 3 EGF^responsive neural ore 

ton. "i" «■"= 



Ce// culture 

n^crod.-3sSS fib^'^'^f ''^^"^^^^^^ ^<'"e tissue 
•^ap insertion of a R ^^.^oratoo-) niade by promoter 
• and transgeruc mce expressing 



enhancer ?Niw^;7/5g' °-«;^°virus) immediate early 
isolated and propa Jed^Ki' ""^VI'*'- Cells were 

--,a^3(Re>^,ds Jw X^^^^ Weiss and 

Tissue was placed in a 1 • t T' 1 ' ^^^^^^^^ J 992). 
Eagle's ireLra^d F 19 ™' °f Dulbecco's modified 

Putrescme. 27 5 nM .oHi. .^^"^ transferrin, 55 uM 
(Becon DiebL^ Progesterone and 20 ng/mJ EGF 
• USA). Tissue was .nturated with a wet Z- 
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immunopositive for either G^P or CNPasc f red f n n ,n^^ ^^^f" '^^^ ^'so 

(A and B) and 20 >in, (C-F) m D and F. respectively). ScaJe bars = 30 Mm 



Ltt n P'P"''" ^ suspension, 

S T "Tt"^ " ^ viable 

cdl^O ml m flasks and maintained in a humidified 

mcubator at 37"C and 95% «pher,c air/5% CO, 
Cultures were fed wiA 5 ml of fresh medium every oJr 

^f^^^'^ ""^"y- ^''^ t^^Pl^tadon. cells (passage 
number <5) were harvested, triturated to a -single ceD' 
suspension and the density adjusted to 6 X or 1 X 10^ 
vmble ceUs/MJ in IX DMEM/F-12. Some cells derived from 
KUiA2e mjce were also treated with ] uM 
bromodeoxyuridine (BrdU) for 12 h before thev were har- 
vested for transplantation. 



Transplant surgery 

Neonatal host mice ranging in age from post-natal day PI to 
P3 (where PI = the day of birth) were cryoanacsthetized 
and injected with 120 000 cells/2 (il in either of the lateral 
cerebral vcntncles or cistcma magna, or 60 000 cells/1 lU 
m.o each lateral cerebral ventricle and 120 000 ceUs/2 S 

gendy via a glass rmcropipette inserted iranscutaneously into 

the d s.rcd iocauoo with the aid of a stereotaxic apparatr 
Fo; transplants in older (>6.week-o]d) hosts. rSce were 
anaesa,euz«l with a solution of 25 mg/ml ketl^^e 
5 mg/ml xylazine (50 uVlO g i.p,; and fixed in a stereotSc 
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Fiu. 5 r)i:^ni)r-de rived oligod^ndrooN iev express ijnmunoreactivL- MBP in sh't niuisnt nnce. CcrunijJ 
brain sectic»ns processed S ae^ks aliei injetaion of GFP-labelled precursor cells inio ihr laieiiij :vrcbral 
veniricie of necnatal shi muiant mice. Confocal microsccpy denK>nsij:jtefl enprafied GFP" cdi- in 
corpus tj;Iosuirj f^reen in A and C) and ventraJ nippocampai coramissure (green in E and Gi thaf aJso 

si^inwJ for :mn]unorei:ctive MBP (red in B. D. F and Hj. Thf daiied uhiie line fC 5nd D) u'preNems 

the inferior hound^irN- of ihe corpus callosum; the ^ereen c: l!s beyond the confines of 'the crirpu< 
callosum aie noi stained for MBi* Scale bars ^ .^(KJ um fA, h. h ami F* ind 50 urn tC. O. 0 and Hi. 
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apparatus. A 5-mm incision was made in the scalp to 
expose ihe dorsal aspect of the paheta] bones, a hole was 
drilled with a dental burr and a suspension of 200 000 cells/ 
2 fil was injected slowly over 5 min using a 10 ^1 Hamilton 
syringe according to the following coordinates: caudate/ 
putamen [AP (anteroposterior) = 0.7, L (lateral) = 2.3, V 
(vertical) = -3.0]. anterior hypothalamus (AP = 0.4, 
L = 0.3, V = -5.5) and cerebellum (AP = -6.0. L = 0.1. 
V = -1.5). Vertical coordinates were from dura, and all 
distances were in millimetres. The skin incision was apposed 
using Hemoclips. 

Light microscopy 

Mice were deeply anaesthetized with sodium pentobarbital 
(10 mg i.p.) and perfused with ice-cold heparinized 
phosphate-buffered saline (PBS), followed by ice-cold 4% 
buffered paraformaldehyde fixative. Tissue was post-fixed 
for 2-5 h at 4*C, and 50 \tm thick coronal sections were cut 
on a vibratonoc and stored at -20*C in cryoprotectant (30% 
sucrose. 30% ethylene glycol, 0.25 mM polyvinylpyrrolidone 
in PBS). 

For X-gal histochemistry, free-floating sections were 
rinsed in PBS and incubated in a solution of 5 mM 
potassium ferri cyanide, 5 mM potassium feirocyanide, 2 mM 
magnesium chloride. 0.01% deoxychohc acid, 0.02% 
Nonidcl P'40 and 1 mg/ml X-gal (Gold Biotechnology, St 
Louis, Mo., USA) overnight at 37*C. After rinsing in PBS 
and mounting on slides, the sections were counterstaiued 
with Nuclear Fast Red (Vector Laboratories, Burlingarae, 
Calif., USA), nnsed in water, dehydrated, cleared and 
coversJipped in Permount. 

For BrdU immunocytocbemistry, free-floating sections 
were first washed in 0.05 M Tris-buffered saline (TBS), 
pH 7-6, followed by incubation in 0.5% hydrogea peroxide 
for 20 min and then 2 N hydrochloric acid for 20 rain 
at 37'*C. Sections were rinsed in TBS, transferred into 
blocking solution (5% bovine serum albumin, 0.1% Triton 
X-100 in TBS) for 30 min foUowed by anti-BrdU antibodies 
(0.2 ^g/ml; Boehringer Mannheim, Indianapolis, Ind., USA) 
in 1% bovine seium albumin, 0.1% Triton X-100 in TBS 
overnight at room temperature. After rinsing in TBS, 
sections were incubated in horse anti-mouse biotinylaied 
secondary antibodies (1 : 200 dilution in 1% bovine serum 
albumin, 0.1% Triton X-100 in TBS; Vector Laboratories) 
for 1-1.5 h at room temperature, followed by avidin- 
biotin-peroxidase complex (Vector Laboratories) with 
diamiuobcnzidine as the chromogen. 

For co-localization studies with GFP, free-floating sections 
were rinsed and blocked with 10% normal goat serum and 
0.4% Triton X-100 in TBS for 30 min to 1 h foDowed by 
incubation with the appropriate primary antibody for 1 h at 
room temperature. Primary' antibodies were directed against 
GFP (rabbit, 1 : 500 = 0.2 ixg/nil; Clontech, Palo Alto, 
Calif., USA), glial fibrillary acidic protein (GFAP) (rabbit, 
1 :500 = 25.6 ^ig/ml; Sigma), 2\3'-cyc]ic nucleotide 3'- 
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phosphodiesterase (CNPase) (mouse, 1 : 500; Stemberger 
Monoclonals, Lutherville, Md.. USA) or myelin basic protein 
(MBP) (mouse, 1 : 1000 = 1 |ig/ml; Stemberger Mono- 
clonals). All antibody dilutions were made in 2% normal 
goat serum and 0.4% Triton X-100 in TBS. After washing, 
the sections were incubated in the appropriate Alex a Ruor 
594 secondary' antibodies (Molecular Probes, Eugene, Oreg., 
USA) for 1 h at room temperature in darkness and cover- 
slipped in Prolong anti-fade reagent (Molecular Probes). 
Slides were examined using a Leica True Confocal Scanning 
Spectrophotometer microscope, with excitation wavelengths 
for GFP and AJexa Fluor 594 of 488 and 568 nm, respectively. 



Electron microscopy 

Tissues from transplanted mutant and control mice were 
prepared for embedding following deep anaesthesia and 
intracardiac perfusion with 2% paraformaldehyde and 1% 
glutaraldehyde in 0.1 M phosphate buffer pH 7.4. Dissected 
blocks of bniin and spinal cord were placed in a buffered 
solution containing 4% paraformaldehyde and 2% glutar- 
aldehyde overnight The tissue blocks and slices were post- 
fixed in 1% osmium tetroxjdc for 1-2 h, dehydrated in a 
graded series of ethanols, dissected further if needed, oriented 
appropriately and embedded in LX-I12 resin. Sections 1-2 
|im thick were stained with toluidine blue and examined by 
light microscopy in order to select regions for electron 
microscopic study. 



Resiilts 

Donor precursor cells for transplantation were derived from 
embryonic striatum/sub ventricular zone tissue that was disso- 
ciated and cultured in a serum-free medium with EGF. As 
the source of our foetal tissue, we used two strains of 
transgenic mice: one with a ^-gal reporter that is expressed 
in all ti$si>cs at all stages of development and after birth 
(ROSA26), and the other with an enhanced form of GFP 
that is expressed strongly and stably in all neurones and gUa 
of the CNS, labelling their cell bodies and processes to the 
terminals. Some of the ROSA26 cultures were also incubated 
with BrdU for 12 h prior to transplantation. Precursor cells 
were injected (120 000 cells/2 |il of medium without EGF) 
into the lateral cerebral ventricle of neonatal (P1-P3) mice, 
and tissue sections were examined for donor- derived cells 
using X-ga] histochemistry, BrdU or GFP immunocyto- 
chemistry, or GFP fluorescence. 



EGF-responsive neural precursors engraft in 
central white matter tracts 

When mice were killed 2 weeks after transplantation, labelled 

cells were observed as isolated clumps in ihe host brains. In 
all cases, small coUeciions of cells were found within the 
corpus callosum, especially bordering the ventricular iDjeciion 
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sue at the Jevel of the lateral septum, but also more caudally 
within the corpus caUosum ai the levels of the ventral 

bwocampa) commissure (also known as the commissure of 
the ventral fornix) and anterior hippocampus. Cells also 
en^afted reliably within the vental hippocampal commissure 
Itself, while they were variably obser^'ed linine the hippo- 



campal alveus. fimbria and Sssure. The distribution and 
number of implants were similar whether the donor cells 
were labelled for P-gaJ, BrdU or GFP (F.g. 1); and whether 
B6129F2/J. B6C3FI or CDl host strains were used. The 
overall transplant success rate for animals killed at 2 weeks 
was 78% (36 of 46 mice). 
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Eight weeks after transplantation, donor-derived cells were 
again located within the corpus callosum and ventral 
hippocampal commissure in all cases, but their numbers bad 
clearly expanded to fiU laige, up tol mm long, segments of 
penventncular white matter (Fig. 2A and B). In some of the 
animals transplanted on P3, labeUed cells were also seen in 
hippocampus (Fig. 2C), especially within the hilu5 and 
polymoiph and molecular layers of the dentate gyrus At 
least a few of these labelled hippocampal cells were found 
in 75% (15 out of 20) of mice examined at 8 weeks 
Engraftment within the subependymal layer of the olfactory 
buJb was also observed in 8^week-oId animals (Fig. 2D), but 
the overall success rate was only 35% (six out of 17 mice) 
In a hmited group of mice. 120 000 cells/2 jil were injected 
mto the cistcma magna rather than into the lateral cerebral 
venlncle. Eight weeks after transplantation, isolated groups 
of donor-derived ceDs were located in regions that included 
deep and hemispheric cerebellar white matter, lateral 
asctndmg sensory and pyramidal tracts of the brainstem 
infenor coDjculus and dorsal cervical spinal cord. The overall 
transplant success rate for posterior fossa structures in these 
ammals was 45% (five out of 11 mice). 

We also stereotaxically implanted precursor cells (200 000 
ceIls/2 directly into the unilateral caudaic/puumen 
antenor hypothalamus or cerebellar hemisphere of adult mice! 
TVo weeks after transplantation. labeUed cells in all three 
locations had survived preferentially within and/or migrated 
to neighbouring white matter tracts (Fig. 3). Transplant 
success rates were 78% (seven out of nine mice). 58% (seven 
out of 12 mice) and 88% (14 out of 16 mice) in caudate/ 
putamen, hypothalamus and cerebellum, respcciivcly. 

No labelled ceUs were found in any of the brains of eight 
host mice transplanted with cells that had been killed in 
culture before their implantation, either by microwave fixation 
or by repealed cycles of freezing and thawing. 



Engrafted precursors give rise to astrocytes and 
oligodendrocytes 

The distinaive localization of donor-derived ceUs around 
^d wnhm white matter tracts suggested that they might 
be assuming a glial phenotypc, and immuDocytochemical 
analysis was consistent with this cell type assigmnent. Th^ 
morphology of GFP-labelled cells was revealed using 
fluorescence or with a polyclonal antibody directed against the 
protein; they included clear examples of fibriUarv astrocytes 
within the corpus callosum and ventral hippocampal 
commissure (Fig. 4A) and protoplasmic astrocvies withm 
adjacent grey matter (Fig. 4B). Individual GFP-IabeUed ceUs 
also co-expressed immunoreactive GFAP. an intermediate 
filament protein of astrogha (Fig. 4C and D). Other ceils 
were identified a<; o]igodendroc>nes by labelling with a 
iiK)noclonal antibody directed against CNPase. an enzymatic 
component of myelin membrane (Vogel and Thompson 
1988) (Fig. 4E and F). 
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We found no labelled cells in hippocampus or olfactory 
bulb that appeared to be clearly neuronal, and none co- 
^ expressed NeuN. a nuclear marker of terminally differentiated 
neurones within these regions (Mullen et ai, 1992). 



Donor-derived oligodendrocytes produce MBP 
and form wild-type myelin sheaths around shi 
cucons 

In order to determine if donor-derived oligodendrocytes were 
functionally active, we injected GFP-labelled precursor ceils 
into the latei:al cerebral ventricle of neonatal shi mutant 
hosts. The shi mutation is a large deletion in the MBP gene 
(Roach et al, 1985). and homozygous mutants fail to produce 
ihe proiein (a major structural component of the mature 
myelin sheath), leading to extensive dysmyclination with 
morphologically abnormal myelin sheaths (Privat et al \ 979* 
Rosenbluth, 1980; Inoue et al, 1981). These mice exhibii 
severe tremor, hindlimb ataxia, late-onset tonic seizures and 
a shortened hfespan. When such mice were killed 8 weeks 
after u-ansplantaiion, the pattern of GFP-labelled cellular 
engraftment was similar to that seen in wild-type hosts, and 
the transplant success rate was 86% (six out of seven niice). 
Donor-derived, immunoreactive MBP was expressed in 
these transplanted mice. As shown for the corpus callosum 
(Fig. 5A and B) and ventral hippocampal commissure (Fig. 5E 
and F), the distribution of GFP fluorescence and MBP 
unmunoreactivity was concordant. In some instances, 
MBP-posiiive processes were aligned as a bundle oriented 
paraHel to the longitudinal axis of these commissures 
(Hg. 5G and H). No MBP labelling was present in tissue 
sections from which primary antibody was omitted, in non- 
transplanted shi mutants or in GFP-labeUed cells lying just 
adjacent to myelinated white matter tracts (Fig. 5C and D). 

To ascertain if donor-derived MBP expression was 
assoaated with normal myelin production, we stained plastic- 
embedded tissue sections from transplanted shi hosts with 
toluidine blue and chose heavily myelinated regions of the 
corpus callosuoi, pyramidal tracts (brainstem) and fasciculus 
gracilis/cuneatus (cervical spinal cord) for ulu-astniciural 
study. Most of the selected areas contained axons surrounded 
by abnormal myelin .sheaths typical of age-matched non- 
transplanted shi Ooosely wrapped or only partially compacted 
membranes), but also axons completely enclosed by normally 
compacted sheaths showing major dense lines throughout 
(morphologically indistinguishable from age-matched wild- 
type mice) (Fig. 6). 

In several different samples, we counted areas (8650 jim-) 
in which 75-^% of all myelinated axons had sheaths with 
unmistakably wild-type morphology, and in which virtually 
no larger calibre axons were uamyeliDaied': These myelin 
sheaths appeared generally ihimier than in agc-maiched 
wild-type, and the usual relationship between axon diameter 
and sheath thickness was not stricUy maintained. Axons 
enclosed by donor-derived and shi myelin sheaths were 
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interspersed, and small bundles of microprocesses 
(characteristic of shi oligodeDdrocyics) often coursed near 
normal appearing shcatbs, suggesting that donor-derived and 
host oligodendrocytes were intermingled within the white 
matter. Detailed examination of light and electron 
micrographs revealed no indications of myelin degeneration, 
inflammation or gliosis in white matter. 



Towards the reconstitution of CNS white matter 
tracts 

To increase the number and possible dispersion of Uansplanied 
cells \n ski hosts, we designed a staged surgical protocol in 
which 60 000 cells/1 jil were injected into each lateral 
cerebral venuicle and 120 000 celIs/2 \xl were injected into 
the cisterna magna on PI. after which this procedure was 
repeated on P3. In some cases, a 5 pi cell suspension was 
injected into the cistema magna after a similar volume 
of CSF was removed from this compartment via a glass 
micropipettc. When such mice were killed 8-12 weeks after 
transplantation, partially reconstituted white maner u^cts 
were visible to die naked eye in unstained vibratome- 
cut tissue sections (Fig. 7). GFP-labeUed cells and MB? 
immunoreactivity mapped to these tracts throughout the brain, 
forming morphologically normal myelin sheaths (Fig. 8). 
The success rate for such widely disseminated cellular 
engraftment with MBP production was 100% (10 out of 10 
mice). As observed previously (sec Rg. 5C and D), where 
donor-derived cells engrafted outside myelinated white matter 
tracts, they appeared to adopt an astrocytic phenotype without 
MBP labelling (Fig, 8). 



Discussion 

Our data indicate that EGF-responsive neural precursor cells 
can engraft robustly within the CNS following intra- 
cerebroventricular and cisternal transplantation in neonatal 
mice. The cells adopted glial pbenotypes, and some 
functioned as oligodendrocytes, producing MBP and 
moiphoIogicaUy normal intemodal myelin sheaths. Donor- 
derived cells appeared to disseminate widely and expressed 
a predilection for central white matter tracts. 

Robust transplant-derived myelination has been 
demonstrated previously in shi mutant mice, although not 
the widespread distribution seen in Fig. 7. Our particular 
results might be related to the cell type(s) transplanted as 
well as the route and timing of adnunistration. In early 
reports employing shi mutants, transplants consisted of solid 
tissue fragments (Gumpel et al, 1983; Gout et al., 1988; 
GansmUller et a/. J 991) or mature oligodendrocytes (Kohsaka 
f'f aL 1986; Lubetzki et ai, 1988) deposited locaUy within 
brain or spinal cord; preferential migration of transplanted 
oligodendrocytes along white matter u-acts has been observed 
after such injections (Lachapclle et aL. 1994). More recent 
studies using various precursor cell populations as donors 
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have also transplanted the ceUs as single focal tissue injections 
(Warrington et al., 1992, 1993; Avellana-Adalid et oL, 1996; 
Vitiy et al, 1999; Liu et aL, 2000). We are aware of 
only two previous reports utilizing an intracerebroventricular 
approach in shi mutants. Friedman and colleagues 
transplanted embryonic cortical tissue fragmenu into the 
lateral ventricle of l-month-old shi mice and showed that 
MBP staining often crossed to the contralateral hemisphere 
via the corpus callosum at the level of the implant (Friedman 
et al., 1986). Yandava and colleagues transplanted a neural 
stem-like cell line into the cerebral ventricles of newborn shi 
mice; the donor cells engrafted extensively but non-seleciively 
within both grey and white matter stnictujes, expressing 
MBP and making normal-appearing myelin (Yandava et aL, 
1999). Other workers have employed intracerebroventricular 
injections of precursor cells in md rats (Briisdc er aL, 1999; 
Lcarish et al.y 1999); but these injections were on embryonic 
day 17. before the expected peak of post-natal 
myelinogenesis, and there was no preferential migration of 
donor cells into white matter tracts. We are unaware of any 
previous reports that have tested more than one transplant 
injection per animal. 

We do not yet understand the proclivity of EGF-responsive 
precursor ceUs for colonizing central white matter tracts. It 
is not known if the critical cells in ihesc transplants arc 
uncommitted stem cells that respond and differentiate 
according to local environmental cues or, altematively, if 
they are lineage-restricted oligodendroglial progenitors that 
already exist in the cultures. In contrast to the multipoientiality 
of EGF-responsive 'neurosphere' cells in vitro, the in vivo 
differentiation of such cells after transplantation appears to 
be predominantly glial (Svendsen et aJ,, 1996. 1997; 
Caipenter et al.y 1997; Winkler et aL, 1998). even in an 
environment (e.g. foetal brain) that would be conducive to 
neurogenesis (Winkler et aL, 1998; Mitome et aL, 2001). 
This in vivo fate appears different from that of transplanted 
hippocampal precursor cells expanded in vitro with basic 
fibroblast growth factor, which can give rise to putative 
neurones in hippocampal dentate gyrus, olfactory bulb and 
retina (CJage et aL, 1995; Suhonen et aL, 1996; Takahashi 
eraL, 1998). 

Gur ultrastructura] observations indicate that donor- and 
host-derived myelin were closely intermixed in transplanted 
brains. Abnormal shi oligodendrocytes were present even in 
areas with abundant donor myelin, as demonstrated by 
btindles of abnormal shi oligodendrocyte microprocesses and 
by the relatively consistent proponion (at least 10%) of axons 
surrounded by myelin with shi morphology. There always 
seemed to be some background level of host myelin, and we 
have not found areas in which all myelin sheaths were 
donor derived. 

Notably, none of our transplanted shi mice showed any 

obvious qualitative improvement in their abnormal 
behavioural phenotype, although behavioural tesung was not 
an aim of our study. The origin of the motor deficits in shi 
mice is not known for certain, although the absence of 
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Fi«. 8 Donor-denved glia, immuDoreacave MBP and Doimal myeliD sheaths are found afkr iDBltiplt 
precursor ccU idjccuoos io shi muunt mice. Sections of coipus callosum processed 10 weeks after 
multiple injections of GFP-labeUed precursor ceUs into neonatal shi mtitant mice. Fluorescence 
miCToscopy demonstrated engrafted GFP* ceUs (green in A) with MBP immunoreactiviiy (red in A) 
withm the corpus callosum; electron microscopy (in B) demonstrated axons surrounded by Dormallv 
compacted myebn sheaths like wild-typc (boxed area in B shown at higher magnificatioD in insei) ' 
Donor-der,ved ceU. that engrafted outside (ventral to) the corpus callosum (b A) adopted a. a..troglia|. 
wee phenotype and were not associated with iinmunoreactive MBP. Scale bars = 25 urn (A > 0 ^ um 
(B) and O.I ]ljn (in.sel). ^ 
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measurable weakness suggests that disturbances involving 
the cerebcUuiT) and/or basal ganglia and their connections 
are more likely than defects of the pyramidal system. It may 
be that the restoration of one or several motor deficits (tremor 
ataxia or seizures) depends on the myelinalion of specific 
regions, mcluding grey maner, and not on a generalized 
increase in overall myeUnation Of central white matter tracts. 
Furthermore, we do not yet know whether our donor- 
derived myelin reconstitutes aU the structural specializauons 
characteristic of wild-type myelin (e.g. around the nodes of 
Ranvier). It has been reported previously that transplantation 
of a neural stem-like cell line (Yandava et al, 1999) or 
oligodendrocyte progenitors (Kuhn et ai, 1995) into shi 
mutants resulted in either diminished tremor or improved 
rotarod perfonnance, respectively; but both of these studies 
rebed primarily on single motor tests, and neither of them > 
related improved motor function to the degree of myclination 
in specific individuals. 

Importantly, the shi phenotype can be genetically rescued, 
at least partiaUy, by expression of a wild-type Mbp transgene 
(Readhead et al, 1987). Shi mice heterozygous for the Mbp^ 
transgene have a generalized -5-10% increase in myclination 
(Shme et 1992), with improved rotarod performance but 
no change in tremor, ataxia or seizures (Kuhn et al, 1995). 
In contrast, shi mice homozygous for the Mbp^ tr^sgene 
have overall levels of wild-type CNS myelin -20-25% of 
normal and much diminished tremor, ataxia and few, if any 
seizures. These data suggest that full resioration of wild- 
lypc myelin levels may not he necessary for significant 
neurological recovery. 

Neural cell transplantation creates a kind of 'surgical' 
chimera, a myelin-deficient mutant with widespread 
mcorporation of donor-derived oligodendrocytes producing 
apparently wild-type myelin. These mice provide a unique 
opportumty to test whether, and under what circumstances, 
such a transplant strategy can rescue the abnormal phenotype 
of dysmyelinaied hosts at the morphological, physiological 
and behavioural levels. 
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Glial cell transplantation into myelin-deficient rodent 
models has resulted in myeiination of axons and 
restoration of conduction velocity. The shaking {sh) 
pup canine myelin mutant is a useful model in which 
to test the ability to repair human myelin diseases, but 
as in humans^ the canine donor supply for allografting 
is limited. A solution may be provided by self- 
renewing epidermal growth Eactor (KGF}-respousivc 
multipotential neural progenitor cell populations 
("neurospheres'O- Nonadherent spherical dusters, 
similar in appearance to murine neurosphercs, have 
been obtained from the brain of perinatal wfldlype 
(wt) canine brain and expanded in vitro in the pres- 
ence of EGP for at least 6 months. Most of the ceils in 
these dusters express a ncstin-relatcd protein. Within 
1-2 weeks after removal of EGF, cells from the 
dusters generate neurons, astrocytes, and both oligo- 
dendroglial progenitors and oligodendrocytes. Thins- 
plantation of lacZ-expressing wt neurospheres into the 
mydin-detident (md) rat showed that a proportion of 
the cells differentiated into oligodendrocytes and pro* 
duced my din. In addition^ cells from the neurospherc 
populations survived at least 6 weeks after grafting 
into a 14-day postnatal sh pup redpient and at least 2 
weeks after grafting into an adult sh pup redpient 
Thus, neurospheres provide a new source of allogeneic 
donor cells for transplantation studies in this mutant. 
J. NeuroscL Res. 50:862-«71, 1997. 

0 1997 WUey.Liss,lnc 

Key words: epidermal growth factor; mydin defidcnt; 
neural progenitor cells; glial cdl transplantation 

INTRODUCTION 

AccuTijubting rcsc^irch in animal models raises 
hopes of using glial transplamation in therapy for human 
myelin diseases. Glia from a range of .sources can 
myelinate axons in various recipient environment (re- 
viewed in Duncan and Milward^ 1995; Franklin and 



Blakemore, 1995; Duncan, 1996). Most research uses 
rodent redpienis with inherited myelin disorders (re- 
viewed in Duncan and Milward, 1995; Duncan, 1996) or 
with chemically induced dcmycHnating lesions (Blake- 
more and Crang, 1983; Blakemore et al., 1995), but ihere 
are obvious limitations to extending such studies to 
humans. Myelin diseases such as multiple sclerosis may 
develop over years, whereas most rodent myelin mutants 
die before adulthood. Glial cells grafted into rodents can 
migrate substanual distances (1-2 cm) but may need to 
travel much farther to reach surgically inaccessible le- 
sions in humans. Mechanisms of differcntiauon, myeiina- 
tion, or rcmyclination may also differ between sped s. 
Most studies on human glia have not found clo.^ 
resemblances to rat oligodcndruglial growth factor rc- 
spon.<;es, antigenic profiles, or adult pn>genitor cells, 
although some .similarities do exist (Kennedy ci al., 1980; 
Dickson et al.. 1985; Yong et al., 1988; Aloisi et al^ 1992; 
Armstrong et al., 1992; Yong and AntcK 1993; Gogatc ct 
al., 1994; Satoh and Kim, 1994; Scolding ct al., J 995). 

The canine shaking (sh) pup model may help bridge 
the gap between rodenu; and humans. Like some rodent 
models and cenain forms of the human Peli2aeu.s- 
Meizbacher and X-linked spa<;tic paraplegia disease.^ it 
arisen from an exonic point mutation in the protenlipid 
protein gene (Nadon ct al., 1990). The mutation arose 
spontaneously in Welsh springer spaniels and causes 
severe tremor from about 12 days of age aficz binh, 
followed by late onset convulsions (Griffiths ct al., 1981 ; 
Duncan, 1995). The central nervous system (CNS) is 



Contract ^tmi sptwvor CyioThcrapcutiw. 

EUr*bcth Milwiird's prcsonl addrcxx is Centre for Education nnd 
Research ort Ageing, Universiiy of Sydney und Concord Hospital. 
Concofxl, 2139, NWS. AusinJia. 

♦OjcTcspondencc to; Dr. I an U. Duncan, University of Wisconsin, 
School of Veterinary Mcdicit)c. 2015 Linden Drive West, Madison, Wl 
.WCVS. E-mail: dunc*m<?5vm.vctxncd.wisc-cdu 



Received 7 AugxiKi 1997; Accepted 6 August 1997 



O 1997 Wiicy-Uss, Inc. 



-30-1998 12:39PM FROM 



IAN D. DLNCAN 6082658208 ^• 



EGF Responsive Canin Neural Progenitors S63 



severely hypomyelinaicd, with reduced numbers of na- 
ture oligodendrocytes (Duncan et al., 1983). Death nor- 
mally occurs at about 3-4 monihs of age, but animals can 
live over 2 years with intensive rearing. 

Xcnografti; of normal canine oligodendrocytes my- 
elinate axons in niyelin-defidcnt (md) raLs (Archer et aL, 
1994), and allografting of canine giia into sk pup spinal 
cords shows tliai sh pup axons can be rcmyclinaicd 
(Archer et al^ 1997). AUografting reduces immunologic 
complications but raises the problem of obtaining suffi- 
cient donor cells for iransplanuuion, a common difficulty 
with species other than rodents. A solution may lie in the 
use of sdf.rcnewing, rauliipotcotial, growth factor-respon- 
sive neural progenitor cell populations, which grow in clusters 
dubbed "ncunY^phcnM^*^ (Reynolds and WeLss, 1992, 1996: 
Reynolds et al, 1992). CeUs in these populations generate 
neurons and astrocytes (Reynolds and Weiss. 1992, 1996; 
Reynolds ei al., 1992) and oligodendroglial cells (Hammang 
et al., 1997; Reynolds and Weiss, 1996) in proportions 
that inay be influenced by environmental manipulation. 
Murine neurosphcrcs grafted into the mJ ral CNS gener- 
ate cells that myelinate host axons (Hammang et al., 
1994). Expandable muitipouintial populations of growth 
factor-responsive cells from the canine CNS could 
circumvent limitations of dssue availability for transplan- 
tation studies or in vitro analysis. 

Although the presence of normal protcolipid pro- 
tein or normal myelin production can distinguish normal 
from mutant oligodendrocyu^s after transplantation, both 
approaches arc suisceptiblc to technical or inicrpretational 
ambiguities. Recent glial transplantation has used lac Z 
expressing cells» obtained by stable uransfecuoa of rodent 
glial lines (TonLsch et ai., 1994; Franklin ci al., 1995, 
1996) or from transgenic inice expressing lacZ under 
myelin protein promoters (Hammang et al., 1994; our 
unpublished data). CurrunUy, no canine glial linas exist 
and neidicr approach can readily be appUed in this 
species. Instead, we have tested the ability of the third 
generation PG13 retroviral vector system (Miller et al., 
1991 ) to transduce lacZ expression in canine cells. Vector 
packaging in this system uses the Gibbon ape leukemia 
virus env protein, which includes bodi canine and human 
cells in its host range (Miller ei al., 1991). A rcccpu>r. 
GLVRl, for this tnv protein is expressed abundantly in 
brain, with particularly high expression early in embryo- 
cenesis (Johann ct al., 1992: Kavanaugh ci al., 1994), 
making iliis system an ideal candidate for labeling canine 
neural progenitor cells. 

We have obtained expandable muliipoicniial popu- 
lations of growih factor-responsive cells from the normal 
canine CNS and transduced these to cxpn^ss lacZ to 
provide labeled allogeneic donor cells fur u-ansplaniation 
studies in sh pups or for xcnografting into md rat 
recipients. We have also obtained similar populations 



from mutant sh pup brain, which should enable further 
study of the effect of the sh mutation on CNS cells. 



MATERIALS AND METHODS 
Frtrparation of "Ncurosphcrcs" From sh and wt 
LitteranatePups 

Wildtypc (wt) and sh pups were obtained from a 
colony at tho University of Wisconsin. Donors were aged 
from embryonic day 40 to postnatal day 8. After euthana- 
sia with barbiturate solution, brains were placed in 
artificial high-Ca^*. low-Mg^* cerebrospinal fluid solu- 
tion (2 mM CaCli, K3 mM MgCli, J 24 inM NaO, 5 mM 
Ka.26mMNaHC03, 10mMt>-glucosc,pH7.35)andlbe 
subventricular caudate nucleus, mtemal capsule, putamen/ 
pallidum, and ventral mesencephalon separated and 
minced (< 1 ram^). Aliquots were dispersed mechanically 
by trituration or with enzymes (Reynolds and Weiss, 
1992). All trituration was performed first with standard 
bore, then with firc-pi)Hshed Pasteur pipettes, with the 
exception of trituration performed before transplant into 
nid rats (sec below), which ased sequential passage 
through 20-, 23-, 25-, and 27-gauge needles. After 
filtration (35 \xm nylon mesh; Small Pans, Miami Lakes, 
FL), suspensions were centrifuged (S'^C, 5 min, 400/r), 
dispersed in EOF medium, comprised of 20 ng/ml 
mou.se submaxillary gland EOF (Collaborative Research, 
Bedford, MA) in Dulbecco's Modified Eagle's Medium/ 
F12 (1 :1) widi additives a.s given elsewhere (Reynolds ct 
al., 1992), and plated in uncoated tissue culture flasks. T 
obtain adherent diftcrenriaied populatioas, cells were 
collected by centrifugation (S^C, 5 min, 400g), resus- 
pcnded in EGF" medium (the same base medium but 
with 1 % fetal bovine serum replacing EGF) and plated on 
dishes coated with poly-i .-ornithine (10 pg/ml). 

Immunofluoresceoc« 

Rabbit polyclonal antibodies were used to detect 
ncstin (Rabbit 130 from Dr. R. McKay. National InsiiluUi 
of Neurological Disorders and Stroke, BeUiesda, MD) 
and 68 kD ncun>rilament protein (from Dr. P. Gambctri. 
Institute of Pathology, Case Western Reserve University 
School of Medicine, Cleveland OH). Monoclonal antibod- 
ies were Ral 401 anri-nesim (Developmental Studies 
Hybridoma Bank, Iowa City, lA), 04 and O I (from Dr. 
M. Schachncr), and Ranscht anti-galactoccrebroside (GC) 
(Bochringcr Mannheim. Indianapolis, IN). All other anti- 
bodies. conjugau:s, and nonspecific immunoglobulins 
were from Jack.son Immunorcscarch Laboratories (West 
Grove, PA). Negative controls were provided by omission 
of primary antibody or replacement with nonimmune 
rabbit serum or nonspecific mouse immunoglobulin. 
Secondary antibodies were the fluorescein-conjugauxs 
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. «nri rabbit IcG and aDii-mousc IgG, rhodamine- 

marin-3-ua:ia«^njugaied sucpiavidm. Cell. 
ZTA paraformaldehyde (10 min, room «°»P«*"««>; 
Xntible's were diluU^ in 5^ n-^J/^xTo^f^ 
phosphaie buffered saline (wiih ^•l*^'^" over- 

incubated in 5% glacial accuc »««*^9S% et^ol J 
inmin at -20'C and ncsiin, neurofilament, and guai 
10 mm at m v. p. ribodiesusedasabove- 

fibriUary acdtc PJ^^'^^^^^'^^^and GFAP was 
Staining for combmations of 04. ^^"^^ 5 i„ 
3sdescribedeUewhc«(— 

chrome (Calbiochem, U JoUa, CA). 



•ftansduction of UxcZ Expression in Canine 
Neurosphcres 

lion, cells were pelleted (5»C, 5 nim-^^' '""^r bv 

ioaS^shes for i^nmunoc^hermstry *. above - 
5 brSno^-chloro-3-indolyl p-l^galaaosidase (X-gal) 
staining (TonLsch el al-, 1994). 



lYansplanUtioa of Canine Neurospheres Into sh Pup 

Recipients ^ . . 

Recipient pups (aged cither 14 days or 7 months) 
wer. p'medicateS with analgeMcs and sedaUves, m- 
r^'w,tb an ultru-short-acting barbiturate, then mo^ 
Sated and maintained with isoflurane and o^JVeen. Do«^ 
laminectomy was performed at thoiacc and luinbar si^ 
T13-L1 L1-L2, and L2-U. UsiDg a suigjcal micro- 
LoS: ; durotomy was carried out at each ^^^^^ 
<Ta glass mictopipette (30-pmbore) was mscrted mw 
^spinal cord and 2-4 pi of cell suspension .slowly 
over a l-minute period by using a "»'cn>in«.p«- 
Sor and Hamilton syringe. Respiration ^^.^^^ 

the neuromuscular blocking agent ^-^ccmyf o 
ZLg the injection lo minimize spine ^^^^^^^J^^^^ 
Z sL we,^ marked with sterile charcoal a fat^i 
S^ied in each laminectomy defect and muscle, sub<^^ 
n<^tissue and slcin reapposed. Two to six ^"^/^ 
totion pups were anesthetized, fixatwe-perfused, and 
S for X-gal, then transverse ^^i- J- ^J^^ 
embedded for 1-pm sectionmg "^"""^ ^'"^ 
p-phcnylencdiamine (Tontscb et al., 1994). 



TVansplanUtion of Canine Neurospheres 

After centrifugation a.^ above, ceUs were resus- 
A H in EGF* medium and either pipeue tnmraled, 
Ltl^ by re-oval of undi..sociatcd spheres by nylon 
h filtr^on (35 pm). or triturated with needles a. 
XlTftrT;?anB7uev.biUtya3s..sm^^^ 

.uc u/ere oclleted as above, rcsuspcnded at 25,uui>- 

loirn with 0.01 % bovine sert^m albumm andplaccd on 
ice until iransplanifltion into sh pups. 



Ttansplantation of Canine Neurospheres Into md Rat 
Recipients 

Cells were exposed three times to 
containing medium that had been stored at -70 C (one 
fr«.7e thaw cycle). This boosted the transducuon ein 
lr"y o'aiS wiih .torcd media. Initial overnight 

v^^o^ exposure, centrifugation, and rc^^V^^^J^ 

EGF* meium were as 

were again passaged with tnturauon mio EGF^ medium 
;Sr3<ondLne^ medium (1:1) with Polyb^^i^J^ 
n,n incubated 4 hr, then ccntrifugcd and resuspended as 
£L.^t:l.repeatcd72hr.ater Cells w^^^^ 
with trituration 48 hr later, and after a hirthcx 24 hr 
above, except that the "Tm^^^^^ 
25.^ and 27-gauge ^^^^:^^;:^t^ltZ 
''^V^TJ? Urc^i^of^^^^^ Transplantation 

rLCspr::rd^onsis.^^^^^^ 

;^bi:j;.^Xls(Hammangctal...994^^^^^^ 
Le treated daily with Cyclosponne A (10 ^^^^^ 
wdchO Conditions of final anesthesia, ussae fix-^oru 
weight), uon £pon embedding, l-pm 

proccssmg for X-^s\ reveiau ' JT ^^^^^ staining 
tnmsvcr^: .scciiomng. and P-phcny'«^"^»' ^ 
have been described (Hammang et al.. 1994. Tont^ch 

al., 1994). 
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throu-houl this lime. Dispcrsioa of large clusun. during 
RESULTS n^caeinc (^ee Meiltods and previous paragraph) yielded 

l^^2nofr<^r^P^^resTron.sHVu,.n^^ aSduscers and individual ceU. with sub^^^^^ 
SSSlie Pups sphere grov^h aUo>ving expansion at a spht lauo of 1 .2 

„ A «;nn* tissue dissociation techniques on .y,^ 2-4 weeks for ai least 6 months 

soaatobUity of ':^-J^^^,(„^ S .0 Kvcd .xpro,«io„ of ncstin, a n.ural 

M„„,io„ done or al^r ^^^^^ ^^y^S^W^I (Hg. IB) ^ no sU'nmg 

Weiss, 1!W2; Reynold « '"T' -.j u , XS,le after 10 days in vim> (noi sho«o). Pattcms of 

™.n„e,y S--f,3^X^:^oSyXf^ ^Sr^l^^^^ «.ar in ce,,s oHg^.y derived 

^a^rinSr r.:. ~ - '-"tr^S^^S; . .O NP pro-e. 

LLi wiO. roden re»rosphe.«. e.en "Ta, n^rphologie^ resemblinE neoro™ <" 

80% of cells (daU not shown). u „ .mu are mp m«irin were detected at earlier times. Cells express- 

In the murine neurosphere system when -^^^ f/,S?^so^wtrsteUatcmon>hology.wcrcdete«ed 

• viS mesencephalic cnlrares. As preparanon. v,«e Scluctaer 1 _^ ^^^^^ 

, assrcgauon. N«n='^'r^» Jt*' „^ ,„ij,i„ ,2-72 posiplaung onward m b"'!' ^»"' ' „„, of 

rpTrpr^gte— ;s^s-iT,hrrx;'Sd?FrNW cells 

or dead-looking cells »e« >yp,eaU, PJ^ rmUSogy - 'proce«-be«ing "".T^'f^S 

:;'erf irc;X':.rirnL^"^"^-"^^ p--- °' """" 




Figure I . 
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plated neurosphcre cultures nor in the surrounding halos 
of cells migrating out of the neuro5phcrc5; in the first 24 
hours after plating. Ranscht antigen expression wa5 not 
detected at cither 7 or 10 days posiplating in any cultures 
but was observed at 1 2 days po<;tplaiing in ail culmres in a 
very sin;ill percentage of 04^ ccUs (estimated to be 
«\7o). These typically had morphologies cla.ssically 
associated with oUgodendrocyies, with many highly 
branched pn>ccsscs (Fig. IF). Such morphologies were 
not observed in freshly plated neurosphcre culmres nor m 



Fi«. 1. Ceftcraiion and transplantation uf EGF-rcsponsive 
canine neural progenitor populationst. A: Preparation from the 
strianim of a normal E45-50 pup at 4« hr after isolation from 
ihc CNS, showing spherical clusters resembling ncurvspbcrcs 
conuining rcfractUe cells of healthy appearance. B: Ncslin 
'immunoreactiviiy (green) occurs in cells wiihin and around 
spheres in normal E50 canine striatal ncurospherc preparations 
24 hr after plating in EGF medium. Some surrounding cells, 
visualized by nuclear labeling with Hoechst bisbenzimide 
H33342 (blue), do not express nesdn. C: Cells from normal 
E50 canine striatal neurosphcrcs 25 days after plating in EGF 
medium, labeled for the 68-kD neurofilament protein (giucn) 
and Hocchst bisbenzimide H33342 (blue). D: Cells from 
normal £50 canine siriaul neurosphcr«t with stellate and other 
moiphologies expressing GFAP (blue) 7 days after plating in 
EGF medium. Nuclei arc also labeled bloc widi Hocch.si 
33342, which doe.<; not label cell proce!«es, aUowing GFAP- 
negaiive cells to be vijtuaUzed (anows). E: Exprewiion of 04 
antigen (ntd) in cclLs from normal ESQ canine venu^ mesen- 
cephalon neurosphcrcs 12 days after plating in EGF" medium. 
F: Occa.«;ionaJ 04-positive cells also react with the Raascht 
anu-galaciocerebroside antibody at this time. C: Expression of 
lacZ in normal canine neurosphcres after transduction using die 
PG13 rcnoviral vector system. H: TYansver?ut section of die 
spinal cord of a 2-monih $h pup. 6 weeks after transplanlalion 
of Lie Z-labclcd wr canine neurosphcrcs at 14 days after birth. 
Blue clusters arc visible in several regions of the cord (anows). 
I: Traa*ivcr?;e section of the spinal cord of a 7-X-month sh pup. 
2* weeks after transplanution of iocZ^labeled wi canine neuro- 
sphcrcs. A blue clmier is visible in the lateral column of the 
spinal cord (anuw). J: Microscopy of transverse sections shows 
graft cells apparently integrated normally into the adult xh pup 
cytoarchiteciure (arrows). Vacuolation in this section is due to 
Ihe method of fixation and not the oransplanted cells. The 
$ecuon is coumcrstaincd with paraphcnylenedi amine. K: Blue 
clusters are visible for several miilimclciN along the dorsal 
midline of the spinal cord of an /rw/ rat that received lacZ- 
labclcd canine ncurosphcivs I week after birth (1-mm markers 
on right). L: Tlic same spinal cord shown in K, showing blue 
tahcUng ihruuehoui the dorsal column at the site of injection. 
M: In a 1 -pm section from the spinal cord shown in U scattered 
myelinated libcxs (more than seen in nontransplanied md rats) 
are present, DetHils of a nomial oligodcndrucytc with a long 
cytoplasmic process extending to a myelinated axon (anow) are 
shown in the inseL Such cells arc not nonnally seen in areas 
outside of the transpianu 



the surrounding halos of cells migrating out of the 
neurosphcrcs in the first 24 hr after plating from cither 
earlier or later passage*;. These morphologic observation.^; 
and patterns of marker expfcs.Mon, in particular the 
delayed and separate appearances of the Ranscht antigen 
and the 68-kD NF proicin, provide direct evidence that 
differentiation along CNS lineages is tHxuning in this 
system. 

The PC 13 packaging system uses the Gibbtm ape 
leukemia vinw cnv protein (Miller ci al., 1991). The 
retroviral vector we used in this .system is based on ihc 
pla.smid pLXSN and contains lacZ under the SV40 
promoter (Miller ct al.. 1993). This vccu>rApackaging 
combination transduced lacZ cxprcs-sion in a substantial 
proportion of cells in the canine neurosphcre prcpamtions 
generated from perinatal pups (Fig. IG). We first used 
allografting into sh pups to address the issue of whether 
Dcorosphere-derived ccibi can survive in the adult sh pup 
CNS environment Adult sh pups arc extremely rare, and 
although the lifespan ofxh pups can be increased to more 
than 2 years with inu^nsivc rearing, mdividual adults may 
nonetheless die at any time after 3-4 monlh-s even without 
the added risks arising from surgery. For these reasons, in 
this iniual study, survival in an adult animal was exam- 
ined in the short term, and a postnatal animal was used to 
examine survival in the longer term. Fixation and paxxiss- 
ing conditions for combined lacZ and myelin detection 
have been refined in numerous rat studies and are not 
optimal with respect to tissue preservation in the larger 
canine system, where animal rarity rcsuict.*; optimization. 
Thus, \ht myelinating capacity of neun>sphere popula- 
lioas was examined by xcnografling into md rats, which 
also provides more stringent environmental conditions 
than allografting. Aliquots of populations destined for 
allografts or xenografts were plated under diffcreniiaiing 
conditions, as above and in Methods, for parallel exanti- 
naiion of in viiAJ differentiation and lac7. expression. The 
appearance of differentiation markers in diesc cultures 
followed the same time course as was described above. 

Populations of proliferative canine neurosphcrcs, 
originally derived from striatum of embryonic day 40-50 
normal pups, were transduced to express lac Z and 
transplanted into the spinal cords of a postnatal 14 day 
and an adult (7 months) sh pup. (Donor cells had 
undergone three and nine passages in viu\>, respectively, 
before iran.^planL) The posinaiai pup was killed at 6 
weeks and the adult pup at 2 weeks posttransplant. After 
X-gal staining, transverse sections of the spinal cord in 
the regions of the thoracic and lumbar injection sites 
(T13-L1. L1-L2, and L2-L3) revealed distinct dusters 
of blue patches in each of the postnatal and adult animals 
not only at the site of implantation in the dorsal column 
but also in the lateral or ventral columns and gray matter 
(Fig. IH. T). suggesting that migration of implanted cells 
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may have occurred. Our previous studies have shown thai 
there is an acute passive dispersion of ccUs only along the 
doml column, up to 8 mmftom the siteof tnmspl^iauon 
(Upsitz et al.. 1995). Similar studies with Hoecbsi 
labeled cells have also .shown a localization of trans- 
planted cells immediately after transplant to the doml 
columns (Zhang and Duncan, unpublished datt). The 
fixation used failed to preserve structures opamally in the 
adult mutant, but nonedicless Ught microscopy of tissue 
sections clearly demonstrated '«^^^P':^''"'f 
association with areas containing myeUn (Fig. I J). These 
cells appeared to have integrated into the surrounding 
cYtoarchitecturc with no evidence of rejecuon. 

Xenografts into md rat recipienu were used to 
obtain further evidence for the abiUty of ncurosphcre- 
derived cells to myeUnate host axons in a inyehn- 
dcficieni environment. To facilitate routine stucUe.^ m 
these rats, a triple exposure protocol was used for 
succcs.<!ful transduction of hcZ expression by usmg 
media conditioned with packaged, defective, rtiio'vazl 
vector that had been stored frozen before use (Methods). 
Canine neuruspheres were transduced to express lacZ and 
implanted into the dorsal columns of SP»;^ ^ords of 
7-<lay postnatal md rats al the thoracic-lumbar (T13- l.l ) 
iuncUon (Methods). At 1 1 days posttransplant, low-power 
light microscopy revealed blue X-gal ^^^^^^^^ 
spread up to 6 mm along the dorsal midhne of at least 
three transplant recipients in each of two separate cxpen- 
mcnts (Fig. IK). This typically appeared as clusters of 
small blue patches or dots, rather than the more homoge- 
neously distributed stieak.of blue-labeled cells often seen 
after cUal cell transplanution (Tonuch et al., 1994). 
. Transverse sections (I m) of recipient spinal cords 
revealed grafted cells in the dorsal columns m areas 
containing myelinated axons (Fig. IL) and, stnkmgly. a 
"rafted ceU with a long cytoplasmic pruccss in contact 
^th a myelinated axon (F,g. IM). By electron micros- 
copy (EM), the myelin wa.s found to have a normal 
intraperiod line that is lacking in host myeUn. 



DISCUSSION 

We have obtained ceU populations from wi canine 
perinatal striatum and ventral mesencephalon that closely 
resemble murine EGF-responsive multipoicnual neural 
progenitor cell populations (neurospheres). TTie clusters 
of canine cells are similar in appearance to mutme 
spheres and can be expanded with P«sa|ing for at least 6 
months in vitro in the presence of EOF. On removal of 
EOF cells within the clusters generate neurons, astro- 
cytes, and oligodendroglia. Cells from these cultures can 
survive al least 6 weeks in poswatal and at least 2 weeks 
in aduh sh pup recipients. This is the first Ume 'icuro- 
sphere transplant survival has been demonstrated in the 



adult CNS. Neurosphercs thus provide a new source of 
allogeneic donor cells for transplantation studies in this 
mutant. Moreover, grafting of wt neurosphercs into md 
recipient spinal cords resulted in the producuon ot 
apparenUy normal myelin by graft-derived cells, showmg 
that these cells ani able to myelinate a myelin-deticient 
host The ability of neorosphere-derivcd cells to myelin- 
ate under xenograft conditions is encouraging for future 
studies involving human neurosphercs, which must first 
be tested by xenografting. In addition, the PG 1 3 retroviral 
vector packaging system. ba.scd on the Gibbon ape 
leukemia vinis env protein, provides a new means of 
labeling donor cells. With a host range also including 
humans and rodents, this system is likely to be usciul for 
transplantation studies in various species. 

Our observations of neurospheres within a ttvf 
hours of the initial preparation of cultures from the CNS 
suggest rapid extensive reaggregation of cells. Early 
"spheres" are unlikely to arise from proliferation of 
single progenitors as canine neurospheres grow .slowly 
compared widi murine neurospheres roaintamed m idenu- 
cal media (our unpubUshcd obsen^ations). Human fetal 
nearosphere pieparauons also grow very slowly com- 
pared with murine preparations and may require different 
combinations of factors for optimal growth (B. Reynolds, 
personal communication). Fa.ster growth apparcnUy oc- 
curred in preparations obtained from embryomc. a.s 
opposed to postnatal, canine CNS. Because initial yields 
from posmatal pups were in general lower lhan those 
obtained from embryos, the relative .success of the latter 
may reflea either or both developmental differences in 
the proUferative capacities of progenitors or growth- 
enhancing autoc-rinc effects, which may occur m higher 

density culnires. . 

Removal of EGF resulted in the sequential appear- 
ance, over a period of 3^ weeks, of cells with distincuvc 
differentiated morphologies expressing markers ot ma- 
ture astrocytes, oligodendrocytes, and neurons, which 
were not detected in freshly plated neurospherc prepara- 
tions Thus canine neorosphere-derivcd cells differentiate 
along at lca.st two lineages, although we could not v nfy 
that these neurospheres do. in fact, contain mulupotenual 
cells rather than subpopulations of Iineage-commitu:d, 
unipotential progenitor ceUs, because the slow growth 
rate of these cells has prevented clonal analysis to date. 
Qonal analysis has confirmed the existence ot sell- 
replicating neuial stem cells in analogou-s EGF-respoo- 
sivc murine neural progenitor populations (Reynolds and 
miss, 1996). and the long-iemi expandabihty of can.nc 
populations is indirect evidence that such cells may be 
prcscnL However, whether or not stem cells are prescnu 
as the first expandable differentiating system estabhshed 
from canine brain, neurospheres provide a nie«n* ""^y 
at least three of the major CNS cell species, which has not 
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previously been available in the dog and which should 
facili tote studies byth of normal canine and also ot sh pup 
CNS. 

Although secondary to the aims of the present 
study, we have had preliminary success in generadng 
neurospheres from sh pup mutant embryos (data not 
shown), providing a new in vitro system for characicru. 
ing the effecu of ihc mutation. The developmentally 
regulated alternative splicing panem of the myelin proteo- 
lipid protein gene is altered in ihc sh mutant, suggesting 
delayed mutant oligodendrocyte maOiration (Nadon ct 
al 1990). ProteoUpid protein gene expression may also 
have functions in CNS development before myelinogen- 
esis. The ability to generate neurospheres that are similar 
in many respects to those derived firom wt brain should 
facilitate smdies on differentiation of sh pup ohgodendro- 
cytes Such .sh pup neurospheres could also be used as a 
target in gene transfer smdies. In addition, our success m 
expanding neurospheres from the sh pup mutant suggests 
that this approach could extend the range of models 
amenable to study and may be appUcable to very rare 
mutants, in which limited availability of affected animals 
has restricted chartclcriKadon to date. 

Although expansion of the canine populauons is 
slow compared with the murine ca.se, the scaraty of 
source tissue in the canine system makes these cells a 
val uable alternative to primary culture. Analysis of growth 
factor effects in the canine system may permit faster 
expansion of these cells in vitro. Basic fibroblast growth 
factor (bFGF) stimulates proliferation of some rodent 
neural progenitor populations (Lillicn and Ccpko, 1992; 
Richards et at., 1 992; Ray and Gage, 1 994; Kilpatnck and 
Banlctt 1995; Vescovi et al.. 1993) and has been 
implicated in oligodendrogUal proliferations and inhibi- 
tion of diffcrcntiadon or population reversion to more 
immature phcnotypcs in both rat (Bogler et al.. 1990; 
McKinnon et al., 1990) and human models (Armstrong et 
al.. 1992; Gogaie el al.. 1994). It could well have siimlar 
cffccui in ihe canine system, in which bFGF (5-100 
ng/ral) may increase proliferation in canine oligodcndrog- 
lial-cnrichcd cultures (Hoffnum and Duncan, 1995). Se- 
quential growth factor mixtures could enhance first 
proliferation then differentiation of canine neural progeni- 
lor cells. 

Mvelin deficiency may activate compensatory 
' mechani'sms. Even when these are insufficient to ovemdc 
effects of endogenous myelin gene muutions. the environ- 
ment may nonetheless express factors favoring oligodcn- 
drogenesis and myelinogenesis by transplanted ccUs. 
Neurospheres generated myelinogenic oligodendrocytes 
when transplanted into the md ral. and furthermore, 
grafted ncurospherc-dcrivcd cells survived not only in the 
neonatal but also in the adult sh pup. Thus the adult 



canine environmem is able to support the survival of 
perinatal neural progenitor cells, at I ast in the .short term. 
This is consistent with the existence of neural progenitor 
cells in adult rodent CNS (Reynolds and Weiss, 1992; 
Richards et al., 1992). The number of myelinated axons 
observed after xcnografting of canine neurospheres into 
the md rat was considerably moro than is seen in 
nontrtmplanted md rats, although less has been seen with 
allografts of murine ncuro-sphcrts. which myelinate large 
areas of the m<f cord (Hammang et al., in press). In view 
of the in vitro differences in expansion raUa discussed 
ab»>vc canine neurosph«es may also take longer to 
expand and maiuro in vivo than murine neurospheres, 
even thtiugh the presence of apparendy myelinating 
transplant-derived oUgodendfocyies after only 11 days in 
vivo suggest canine oligodendrocytes differentiate more 
rapidly in vivo than in vitro. This system should be 
valuable for future .snidy of survival, growth, and myelina- 
ting ability of grafted ceUs, pairicularly in adult recipi- 
ents, with ultimate applications in humans. 

Unlike some more differentiated CNS cell species, 
neural progenitor cells may not express both classic 
hi.siocompaUbility molecules and may thus, at Itait 
initially, provoke a less intense host inunune reaction 
(Bartlett cl ai., 1990). Although nuU mutant studies 
suggest peripheral transplant rejection can occur in the 
absence of both class I and U molecules, as far as we are 
aware this has yet to be estabUshed for the CNS, which i.< 
relatively immunologically privileged. Neurospheres also 
offer the prospect of generating mixed populations of 
neural ceU species in a coniroUable manner. Because both 
a-strocytes (Raff et al., 1985; Richardson et al., 1988) and 
neurons (Barres and Raff, 1993; Hardy and Reynolds. 
1 993) have been implicated in oUgodendroglial migration 
and differentiation and may also influence myelinanon, 
this could benefit UTuisplant-derived remyclination. As 
well as advantages of manipulability and in vitro expand- 
ability, these cells provide a multipotenual, proliferation- 
competent pool from which differentiated p<)pulations 
may arise in response to environmentel cues. Implanta- 
tion of small donor populations could ulnmauily assi.si in 
maintaining lifelong reservoirs from which CNS ceU 
populaiion.s may be renewed dirough endogenous or 
externally manipulated environmental signals. 
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ABSTRACT Remyelination of focal areas of the central 
nervous system (CNS) in animals can be achieved by trans- 
plantation of glial cells, yet the source of these cells in humans 
to similarly treat myelin disorders is limited at present to fetal 
tissue. Multipotent precursor cells are present in the CNS of 
adult as well as embryonic and neonatal animals and can 
differentiate into lineage-restricted progenitors such as oli- 
godendroglial progenitors (OPs). The OPs present in adults 
have a different phenotype from those seen in earlier life, and 
their potential role in CNS repair remains unknown. To gain 
insights into the potential to manipulate the myelinating 
capacity of these precursor and/or progenitor cells, we gen- 
erated a homogenous culture of OPs from neural precursor 
cells isolated from adult rat subependymal tissues. Phenotypic 
characterization indicated that these OPs resembled neonatal 
rather than adult OPs and produced robust myelin after 
transplantation. The ability to generate such cells from the 
adult brain therefore opens an avenue to explore the potential 
of these cells for repairing myelin disorders in adulthood. 



Remyelination of the central nervous system (CNS) in patients 
where host remyelination fails or where the endogenous 
myelinating cells are genetically impaired may be achieved, at 
least focally, by glial cell transplantation. It has been assumed 
that human fetal brain will be the only viable source of 
myelinating cells for human transplantation, because oligo- 
dendroglial progenitors (OPs) derived from embryonic ani- 
mals have a greater capacity for myelination than mature cells 
after transplantation (1, 2). However, the availbilily of human 
fetal tissues remains a practical and ethical concern, and it 
would be preferable if the neonatal or adult human brain could 
be used as a source of myelinating cells. It has been established 
that OPs are present in adult human brain (3). Such cells have 
also been described in patients with multiple sclerosis (4) and 
in rodents with chronic experimental allergic encephalomyeli- 
tis (5). Despite their presence in chronic multiple sclerosis 
lesions, remyelination may be inadequate (6, 7), and either 
exogenous myelinating cells must be targeted to lesions or host 
cells must be recruited to aid in repair. 

Two types of OP [also designated in vitro as oligodendrocyte 
lype-2 astrocyte (02A) progenitor] exist in the CNS; the 
neonatal OP (02AP*""^**') that appears in the rat postnatally 
and disappears about 6 weeks after birth, and the adult OP 
(02A^^"") (8, 9). The 02A''**"", which is identified by the mAb 
04 in situ and in vitro, has a phenotype that distinguishes it 
from its neonatal counterpart. The most thoroughly charac- 
terized 02A^^"'* cells are those isolated from adult rat optic 
nerves, although similar cells are found in other parts of the 
CNS such as the spinal cord (10). Unlike the 02Ap^^'"^'^', the 
Q2^aduii pjQ( express the intermediate filament vimenlin 
or a ganglioside recognized by the mAb A2B5. The 02A*^"" 
cells also have a longer cell cycle time (65 t: 18 h) and are less 
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motile (4 ± 1 //m/h) than 02Ap*=""'*»* (9). These characteris- 
tics suggest that they would only have a limited capacity to 
remyelinate demyelinated areas of the brain. In fact, it is not 
yet known whether these cells produce myelin in viva, for 
example, after transplantation. 

The OPs are generally thought to be derived from multi- 
potent neural precursor cells or early progenitor cells in the 
CNS. Neural stem cells, which can give rise to both neurons 
and glia, have been found in the CNS of both embryonic and 
mature animals (II, 12). Gonal analyses suggest that the stem 
cells from adult CNS are similar to those of embryonic origin 
(11). At least, these adult stem cells can differentiate into 
neurons, astrocytes, and oligodendrocytes in vitro. It is not yet 
known whether adult stem cells differentiate into 02A 
directly. 

We have been studying the transition from multipotent 
precursor cells to lineage-restricted OPs and have shown that 
it is possible to generate a large number of self-renewing OPs 
from neural precursor cells derived from embryonic and 
neonatal brain (13, 14). Because multipotent stem ceils exist in 
adult CNS, we sought to explore whether the OPs derived from 
adult neural stem or precursor cells have the capacity for 
extensive myelination. If this were proven in the rodents, a 
similar approach could provide cells for transplantation or 
suggest means for the induction of endogenous progenitors to 
enhance host repair in humans. 

MATERIALS AND METHODS 

Cell Culture. The neural precursor cells in suspension 
culture ("neurospheres") were prepared from subependymal 
striata of Wistar rats aged 3 and 16 months according to a 
protocol detailed previously (13, 15). The culture medium was 
DMEM/F-12 (1:1) supplemented with insulin (25 /^g/ml), 
transferrin (100 /ig/ml), progesterone (20 nM), putrescine (60 
//M), and sodium selenite (30 nM). The above medium, 
referred to as "neurosphere medium," was supplemented with 
20 ng/ml human recombinant epidermal growth factor (EGF) 
or EGF plus 20 ng/ml of basic fibroblast growth factor (bFGF) 
(Collaborative Biomedical Products, Bedford, MA). In the 
initial week of culture, B27 (GIBCO) was added to the above 
medium. The cultures were incubated in a humidified atmo- 
sphere of 5% CO:/95% air with a partial medium change 
every other day. 

The B104 neuroblastoma cells were cultured according to 
Louis et al (16), and the conditioned medium (B104CM) was 
collected and filtered after 3 days of conditioning the B104 
cells with serum-free "neurosphere medium." 

BrdUrd Incorporation Assay. The coverslip cultures were 
incubated in 10 fiM BrdUrd (Sigma) for various periods (see 



Abbreviations: CNS. central nervous system; OP, oligodendroglial 
progenitors; 02A, oligodendrocyte type 2 progenitor; EGF, epidermal 
growth factor; bPGF, basic fibroblast growth factor, MBP, myelin 
basic protein; GFAP. glial fibrillary acidic protein; PLP, protcolipid; 
Dl V. days in vitro. 

*To whom reprint requests should be addressed, e-mail: 2hangs(a)svm. 
vctmed.wisc.edu. 
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Results), fixed in acidic ethanol, and immunostained wiih 
anti-BrdUrd antibody (Amersham Pharmacia) at a dilution of 
1:10, followed by fluorescein-labeled secondary antibody. For 
cell cycle time estimation, the cultures were exposed to BrdUrd 
for a period of 0.5, 1, 3, 5 and up to 16-24 h. The BrdUrd- 
labeled cells and the total cells stained with Hoechst were 
counted under a fluorescent microscope. The percentage of 
the labeled cells was plotted against the time the cells were 
pulsed, and the cell cycle time was estimated according to the 
graphic method of Sasaki et al, (17). 

Assay of Cell Migration. A single sphere was plated onto 
omithine-coated 35-mm dishes in a drop of medium. After the 
sphere attached (10-15 min), 1.5 m! of medium was added 
gently. Only the samples with successfully attached sphere and 
without floating cells were followed at 4, 8, and 24 h postplat- 
ing. The outgrowth of the sphere was examined under the 
phase-contrast microscope, and the images were photo- 
graphed and stored in a computer. The longest distance from 
the edge of a sphere to the cell body in each quarter of the 
outgrowth was measured and the average distance of cells 
moved out of a single sphere at specific time points was 
calculated (13). At least 8 spheres were followed throughout 
the period of each individual experiment, and the experiment 
was repeated twice. 

Immunocytochemistry. Free-floating spheres or coverslip 
cultures were immunolabeled with f luorescein-tagged second- 
ary antibodies (Jackson ImmunoResearch) according to the 
procedure detailed previously (13). The following primary 
antibodies were used. Monoclonal antibody anti-nestin (IgG) 
was a supernatant of mouse hybridoma rat401 (diluted 1:5), 
provided by Developmental Studies Hybridoma Bank (The 
Johns Hopkins University, Baltimore). A2B5 was a culture 
medium of mouse hybridoma clone 105 (American Type 
Culture Collection, CRI^1520, used at 1:100 dilution). 04 and 
Ol (both were IgM) were provided by M. Schachner. Anti- 
myelin basic protein (MBP, mouse IgG, 1:100) was from 
Boehringer Mannheim. Anti-vimentin (mouse IgG) and anti- 
^ni-tubulin (rabbit IgG) were purchased from Sigma (1:100). 
Polyclonal antibodies anti-glial fibrillary acidic protein 
(GFAP, 1:200) was purchased from Dako, and anti-platelet- 
derived growth factor receptor a (POGFRff, 1:100) was from 
Santa Cruz Biotechnology. 

Transplantation of Oligosphere Cells. The oligospheres 
were triturated into single cells and were then concentrated to 
50,000 cells per microliter. One microliter of cell suspension 
was transplanted into the spinal cord of postnatal day 6-8 
myelin-deficient {md) rats according to the procedure de- 
scribed (13, 18). The injection site was marked with sterile 
charcoal before the incision was sutured. 

Twelve to fourteen days after transplantation, the recipient 
rats were anesthetized with pentobarbital (i.p.) and perfused 
with 4% formaldehyde. The spinal cord was dissected and the 
white streak representing myelin made by the transplanted 
cells was measured. The spinal cords were then trimmed for 
* immunoslaining with anli-proteolipid protein (PLP, a gift 
from L R. Griffiths, University of Glasgow) or for resin- 
embedding as described (13, 14). 

RESULTS 

Establishment of OP Cultures from Adult Rats. The CPs 

were generated from neural precursors by using the approach 
described (13, 14). In the present study, cultures of neuro- 
spheres were initiated from subependymal striata of adult 
Wistar rats (aged 3 and 16 months). When cultured in the 
presence of EGF and absence of substrate, scattered phase- 
bright cells were found among debris at 4-7 days in vitro 
(DIV). These few cells grew into spheres in the subsequent 2-3 
weeks. These spheres were triturated into single cells and 
expanded in the presence of EGF alone or EGF plus bFGF. 



Expanded neurosphere cells were immunopositive for nestin 
(Fig. 1 a and 6), an intermediate filament protein mainly 
expressed by stem or precursor cells (19). When plated on 
poly(omiihine)-coated coverslips in the presence of 1% FES 
but the absence of EGF or bFGF, the neurosphere cells 
migrated out and differentiated into a mixture of mainly 
astroglia (GFAP+) with flattened cell bodies and thick pro- 
cesses and some oligodendroglia (04 + ), Some spheres also 
contained neurons that were )3ni-lubulin+ (data not shown). 
The neurospheres were triturated into single cells and pas- 
saged in neurosphere medium with the presence of EGF and 
bFGF. These observations suggest that neurosphere cells are 
undifferentiated neural precursor cells, similar to those iso- 
lated from embryonic and neonatal striatum (13, 14). 

To generate OPs from neurospheres, we gradually changed 
the EGF-containing medium to B104CM-containing medium 
by replacing one-fourth of the former medium with the latter 
medium every other day. During the transition period (1-2 
weeks), the number and size of spheres did not increase. This 
is similar to the phenomenon observed in the neurosphere 
cultures from neonatal rat (13). By week two, the size and 
number of spheres began to increase. Three to four weeks 
later, the cultures were passaged in medium containing 
B104CM (30%) but no EGF or bFGF by plating 1 x 10* cells 
into a 75-cm^ flask. New spheres with various sizes formed in 




Fig. 1. A neurosphere (from 16-momh-old rat) grown in the 
presence of EGF immunostained with nestin indicated that all cells 
were nestin + {a), b shows the phase-contrast image of a. (c) New 
spheres were generated from disaggregated oligosphere cells, {d) 
Disaggregated oligosphere cells displayed bipolar or tripolar morphol- 
ogy in the presence of B104CM. (Bar = 100 /xm.) 
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1 week (Fig. Ic). When the spheres were triturated into single 
cells and plated onto omithine-coated coverslips, all cells 
displayed bipolar or tripolar morphology, typical of 02A 
progenitors (Fig. \d). Therefore, the spheres were now re- 
ferred to as "oiigospheres," a term that was first used by 
Evercooren and colleagues (24). Similar results were obtained 
when generating oligospheres from neurospheres that were 
derived from both 3-month- and 16-month-old rat brains by 
using the same protocol. 

Antigenic Expression of Oligosphere Cells. The 02Ap*=""^*"' 
displays a bipolar morphology and is positive for A2B5, 
whereas the is unipolar and 04+ (9). In contrast to 

the 02A*'**"** previously derived from the adult optic nerve, all 
oligosphere cells exhibited bi- or tripolar morphology and 
expressed vimentin, A2B5, and PDGFRa (Fig. 2 fl-<r) when the 
oligospheres were disaggregated and cultured on omithine- 
coated coverslips at a density of 1 X 10^ per coverslip in the 
presence of B104CM. These cells were negative for 04 (Fig. 



2d). Within a week, the cultures were confluent. Similar results 
were obtained when the cells were cultured in the presenc of 
both PDGF (10 ng/ml) and bFGF (20 ng/ml) except that they 
did not reach conf luency until about 10 DIV. When the cells 
were cultured in the presence of PDGF alone with addition of 
PDGF every other day for 7 DIV, many cells were still bipolar 
or tripolar (Fig. 2c) and the majority were positive for A2B5 
(90.9 ± 2.4%; n - 5), vimentin, and PDGFRa. A small number 
of cells (5.2 :t 3.0%; n = 5), however, became multiprocess- 
bearing and 04 + . In addition, some cells were round without 
processes. These round cells were positive for A2B5 and 
vimentin but negative for 04, similar to those seen in the 
presence of B104CM. 

Differentiation of Oligosphere Cells. The GZA***"*' cells 
differentiate more slowly than their neonatal counterparts (9). 
To assess the potential and speed of differentiation, oligo- 
sphere cells were cultured in the medium consisting of DMEM 
and 0.5% FBS. The cultures were immunostained with 04, Ol, 
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Fig. 2. The oligosphere cells cultured on omithine-coated coverslips in the presence of B104CM were positive for vimentin 
PDGFRa (c) but negative for 04 {d). In the | 
also round cells (arrowheads) and a few muli 

and many cells were Ol + (gY At 7 DIV, cells were MBP+ (/i). In the presence o . .„ - r-- - ^ ,,c w^rr + 

(i) Incubation of the culture with BrdUrd for 20 h indicated that the majority of cells were labeled m the nuclei (yellow m k). All ceUs were 

(red in k). (l) A single sphere plated on omithine-coated dish in the presence of B 104CM for 24 h shows that bipolar cells migrated out ot the spncrc. 

The nuclei of cells in {f-h) were stained with 4',6-diamidino-2-phcnylindole (DAPI). (Bar = 100 ^.) 
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and anti-MBP antibodies, which recognize progressively later 
developmenlal stages of oligodendroglial lineage. At 2 DIV, 
virtually all of the cells were 04 + (Fig. If). At the same time, 
57.5 i 4.4% {n = 6) of the cells were already Ol +, although 
the staining was mainly in the cell bodies and main processes 
(Fig. 2;^). At 3 DIV, the majority of ceils were 01 + . Al 5-7 
DIV, most cells were positive for MBP, displaying membrane- 
like structures (Fig. 2/i). In the presence of high concentrations 
of FBS (5-10%), the majority of cells were flattened, with 
star-shaped processes, and expressed both GFAP (Fig. 2/) and 
A2B5 (Fig. 2/). Similar results were obtained when oligosphere 
cells of passage 4 or 12 from both ages were examined. 

Proliferation Potential. When 1 X 10* oligosphere cells were 
plated in the presence of 30% B104CM, (8.8 ± 1.2) X 10* (n = 
3) cells were obtained in? DIV. A similar number of cells were 
generated when oligospheres from passage 2-12 were exam- 
ined. The oligospheres could also be expanded in the presence 
of PDGF plus bFGF, although the yield was lower. 

The cell cycle time for oligosphere cells in the presence of 
B104CM was estimated by using the graphic method described 
by Sasaki (17). The phase of DNA synthesis was deduced as 
6.8-8.4 h from the linear regression of BrdUrd incorporation 
over incubation time (based on three independent experi- 
ments). The total cell cycle time was estimated to be about 20 
hours. Incubation of the cells with BrdUrd for 20 h led to 
^92% of the cells labeled with anti-BrdUrd (Fig. 2k). 

To assess the proliferation potential of oligosphere cells in 
response to growth factors, oligospheres (passage 4 and 10) 
were triturated and cultured for 3 days on coaled coverslips in 
the presence of B104CM (30% vol /vol), bFGF (20 ng/ml), 
PDGF (10 ng/ml), and PDGF plus bFGF. The cultures were 
then exposed to BrdUrd for 4 h, and the incorporation of 
BrdUrd into nuclei was assessed. Without the presence of 
B104CM or above growth factors, cells differentiated into 
oligodendrocytes (01+) and did not incorporate BrdUrd, In 
the presence of B104CM or growth factors, cells incorporated 
BrdUrd into their nuclei. The highest percentage of cells 
incorporating BrdUrd were the cells treated with B104CM 
(46%), followed by bFGF plus PDGF, bFGF, and PDGF 
(Table 1). This pattern of growth response of oligosphere cells 
is similar to that of 02Af^""^*=' cells in response to growth 
factors (20, 21). 

To examine whether a single cell can renew itself and 
regenerate an oligosphere, a single sphere cell was plated in 
each well of a 96-well plate containing 200 of B104CM 
(30%)-containing neurosphere medium (13). After 7 days, the 
plates were reexamined, and the wells containing sphere(s) 
were marked. The percentage of the cells able to generate new 
sphere(s) was «*29% (32/111). The clonally expanded cells 
retained the same potential to differentiate into oligodendro- 
glia or type-2 astroglia in vitro (see above). Similar results were 
obtained when a single cell was plated into omithine-coated 
96-welI plate except that the generated cells did not form a 
sphere (data not shown). 

Migration of Oligosphere Cells. After the oligosphere at- 
tached, individual cells migrated out of the sphere within 1 h. 
Al 4 h post-plaling, cells were found surrounding the whole 
sphere. The migration velocity was calculated based on the 
average distance of cells moving away from the sphere at 4. 8, 
12, and 24 hours post-plating. Migration velocity was 25 ± 5.4 
//m/h {n = 10) in the presence of BI04CM and 13.5 ± 1.7 



Table 1. BrdUrd incorporation by oligosphere ceils 



PDGF 


bFGF 


PDGF/bFGF 


B104CM 


BrdUrd + , % 29.5 ± 2.84 


34.2 ± 2.27 


36.9 ± 3.25 


46 ± 4.13 



BrdUrd + cells and total cells were counted in four optic fields of 
each coverslip. Each group consisted of at least four coverslips. Total 
cell counts in each group were 3.300-3,965. The data were from the 
experiment with passage 4 cells derived from a 3-month-oId rat. 



/im/h {n ~ 8) in the presence of PDGF (10 ng/ml) for 
oligospheres (passage 8) derived from the 3-month-old rat. 
Cells migrating out of the sphere were bipolar (Fig. 11). Unlike 
the oligosphere cells derived from neonatal rat^ the pattern of 
migration was not ahvays radially oriented. Similar results were 
obtained when spheres from the 16-month-old rat (passage 6) 
were examined. 

Myelinatton Potential by Oligosphere Cells. Oligosphere 
cells of passage 8 from a 16-month-old rat and passage 4 and 
12 derived from a 3-month-old rat were transplanted into the 
spinal cords of 24 md rats. Twelve to fourteen days after 
transplantation, a white streaky of average 4 mm (3.0-6.5 mm) 
in length, was present in the dorsal column of the spinal cord 
of the md rat, which is otherwise semitranslucent because of 
the lack of myelin (Fig. 3a). A white streak of 3.9 ± 125 mm 
(n = 7) formed by cells of passage 4 and 3.8 i 1.5 mm (n = 
8) formed by cells of passage 12 that were both derived from 
the 3-month-old rat. When cells (passage 8) from the 16- 
month-old rat were transplanted, a white streak of 4.2 ± 1.0 
mm {n = 9) formed. There was no difference in the degre of 
longitudinal spread of transplanted cells and myelination by 
cells from both ages or cells from passage 4 and 12. A cross 
section of the spinal cord indicated that the white patch 
occupied most of the dorsal funiculus. Immunostaintng of the 
spinal cord sections indicated that the myelin sheaths formed 
by the transplanted cells were positive for PLP (Fig. 3 6) as well 
as for MBP (data not shown). The host spinal cord lacks 
PLP-positive myelin because of a mutation in the PLP gene 
(22), although PLP+ oligodendrocytes were detected in 
freshly prepared tissues (Fig. 3b). Toluidine blue-stained semi- 
thin sections ( 1 /im) confirmed that the majority of axons in the 
dorsal funiculus were myelinated (Fig. 3c). Ther was no 
obvious difference between the samples with cells from dif- 
ferent ages in terms of the amount of myelin that are present 
in the transverse section. 

DISCUSSION 

The major finding of this study is that the adult brain can be 
used as a source of OPs with the 02AP^"'"**' phenotype and 
that these cells can be propagated extensively to generate a 
large number of progenies that maintain their myelinating 
potential. If similar approaches were feasible in humans, it 
would be possible to generate large numbers of cells by ex vivo 
manipulation with growth factors, before transplantation. 
Similarly, it raises the possibility that such cells might be 
induced to expand by in vivo growth factor application and be 
recruited to target areas of demyelination in the human brain. 
Oligosphere Cells Derived from Adult Brain Resemble 
Cells. 02Af^""''"* cells can be isolated and ex- 
panded from neonatal rodents by using growth factors or 
conditioned media when the cells are in peak proliferation 
(23-25). We have explored alternative means of deriving such 
cells from muliipolential neural precursor cells isolated from 
neonatal (13) or embryonic rat brains (S.-C.Z., unpublished 
data) by analogy to the hematopoietic cell lineage develop- 
ment (26). Because multipolential precursor cells exist in the 
CNS of adult (11, 15) as well as in embryonic stage (12), it is 
possible that OPs may be generated from adult CNS precursor 
cells as well. Therefore, the establishment of a homogeneous 
population of OPs from adult neural precursors was not 
unexpected. However, that all of the cells were positive for 
vimentin and A2B5 but negative for 04 contrasts with the 
antigenic phenotype of the 02A^**"'* as isolated directly from 
adult rat optic nerves (9). More importantly, the oligosphere 
cells proliferate much more vigorously and differentiate and 
migrate faster than the 02A''*"" progenitors detailed in a 
series of studies performed by Noble and colleagues (9. 
28-30). Therefore, the OPs from adult neural precursor cells 
resemble neonatal rather than adult 02As isolated directly 
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Fig 3 Transplantation of oligosphcrc cells from a 16-month-old rat into md rats. Twelve to fourteen days later, a white streak of myelin was 
seen along the dorsal surface of the cord (a). The black dots arc sterile charcoal marking the injection site. The space bar on top represents I mm. 
(b) Immunosiaining of the transplanted cord showed PLP+ myelin in the dorsal funiculus with some myelin also appeared m the gray matter. Other 
areas of the spinal cord showed no PLP+ myelin except the PLP+ cell bodies, (c) Semithin sections stained with loluidinc blue demonsuatcd that 
the doreal funiculus was occupied by a large number of myelin sheaths. Inset is the enlargement of the boxed area m c. (Bar = 100 /xm.) 



from rat optic nerves. This conclusion is further supported by 
the antigenic expression and proliferation potential of oligo- 
sphere cells when they were cultured in the presence of PDGF 
instead of B104CM, a culture condition similar to that under 
which 02A'**"'* cells were characterized (9. 27). It should be 
noted that the population expansion does not parallel the cell 
cycle time of oligosphere cells. This is mainly due to cell death 
after mechanical disaggregation and death within spheres. The 
slower migration in the presence of PDGF alone is potentially 
accounted for by the techniques used and the growth factors 
present. Small et al, (27) measured the distance a cell moved 
(in all directions) directly by lime-lapse cinematography. We 
could only measured the linear distance away from the sphere. 
In the presence of B104CM, the adult oligosphere cells mi- 
grated in a similar velocity as neonatal oligosphere cells (13). 
This result suggests that adult oligosphere cells are similarly 
motile to neonatal oligosphere cells and that factors other than 
PDGF also contribute to the migration of OPs. This is further 
supported by the similar extent of myelination by transplanted 
adult oligosphere cells as by neonatal oligosphere cells (13) or 
by the CG4 oligodendroglial progenitor cell line (18). 

Oligosphere Cells Arc Derived from Neural Precursor Cells. 
The 02A***"'* are derived from their neonatal counterparts (29, 
31) and may regain the neonatal phenotype temporarily under 
certain circumstances, such as in the presence of both bFGF 
and PDGF (30. 32). Is the generation of neonatal-type OPs in 
the present study attributable to B104CM converting the adult 
OPs into neonatal progenitors? Our finding does not support 
this possibility, because the source cells (neurospheres) are 
nestin+ and the replacement of B104CM with PDGF in 
oligosphere ceil cultures does not lead to the expression of the 
02A***"" phenotype. We have attempted to generate oligo- 
spheres directly from (mechanically and enzymetically) disso- 
ciated adult (5-month-old) rat brain and optic nerves by using 
B104CM. The resultant culture contained floating cells that 
survived for up to 2 weeks in suspension but did not proliferate 
(data not shown). A recent observation also indicated that 
B104CM did not enhance the proliferation of purified 02A 
progenitors (31) or convert the 02A^**"'» to 02Ap^""^»^' (B. A. 



Barres, personal communication). B104CM is a potent mixture 
in selecting and propagating 02Ap*="""*"* in culture (23-25). It 
may be speculated that some 02Ap*=""»»*' are selectively ex- 
panded by B104CM in the present study. The presence of 
Q2y\perinatai j„ jj^c aduIt CNS was reported based on their 
bipolar morphology and A2B5 positivity in a mbced culture 
(33). However, when the mbted glial cultures were irradiated, 
no 02Ap*'"""*^' developed (34), implying that in that study, 
02AP*""^'** cells were being generated de novo from A2B5- 
negative preprogenitor cells that were also present in the 
cultures. In a purified culture system, the 02A cells from adult 
(2-month-old) rat optic nerve displayed bipolar morphology 
and were immunoreactive to A2B5 (31), similar to those 
reported by Ffrench-Constant and Raff (33). Yet they had a 
very slow turnover rate (cell cycle time around 3 days), 
characteristic of 02A'*''"'* cells. In our preparation of neuro- 
sphere cultures, these rare 02Ap*^""^'"* (if they are present) 
would be unlikely to survive in the condition without substrate 
and survival factors such as PDGF for a long time ( >4 weeks). 
Our previous study (13) indicated that EGF is not a survival 
factor for OPs in suspension cultures. Our failure to generate 
oligospheres directly from dissociated adult brain and optic 
nerves suggests that either there are no 02Ap*^™**' preserit or 
such cells do not survive the procedure and culture condition. 
Therefore, the cells used for generating OPs are unlikely to 
contain cells that are already in the oligodendroglial lineage. 
Thus, the present study extends our previous argument that 
factors in B104CM may induce neural precursor cells to 
commit to oligodendroglial lineage while al the same lime 
maintain the OPs in a stale of self-renewal (13). 

Multipotent Neural Precursor Cells as a Source for Remy- 
elination. The generation and extensive propagation of the 
neonatal type of OPs from the adult rat brain has an important 
impact on the design of strategies for promoting remyelination 
in vivo. In the first instance, as we show here, it may be possible 
to similarly derive progenitor cells of the neonatal phenotype 
from the adult human brain for transplantation. Extensive 
animal studies suggest that transplantation of myelinating 
cells, especially their progenitor cells, may be an effective 
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approach (1. 2» 36, 37). In clinical human trials, however, cell 
availability becomes a problem if the cells are to be obtained 
from a source other than the patient. At present, human fetal 
tissues are the only source of immature neural cells. However, 
there are long-term practical and ethical concerns on the 
availability of such tissue, including stringent safety concerns. 
Here we show that it is possible to generate a large number of 
OPs from a small source of tissue in the rodent brain. A similar 
approach may be possible by biopsy from the human brain with 
ex vivo conversion of neural precursors to OPs with subsequent 
expansion. Such transplantation would therefore be autolo- 
gous and obviate the need for immunosuppression. 

The alternative approach is to recruit endogenous OPs to 
instigate repair. Cells that are responsible for remyelination in 
adults are mainly dividing "progenitor cells" (38, 39). The 
04+ multiprocess-bearing cells that are regarded as the 
02A'**"** in vivo have been found in the CNS of normal and 
(myelin) diseased animals and humans (4, 5, 40). The apparent 
lack or limit of remyelination in terms of the universal exis- 
tence of 04+ OZA***"** suggests that either the environment or 
the cells' intrinsic properties (or both) is responsible. In the 
presence of (lysolecithin-indueced) demyelination, retrovirus- 
labeled proliferating progenitors failed to migrate even a short 
distance (<500 /im) over a period of 4 weeks to perform 
remyelination (38). Such a poor migration behavior may be 
intrinsic to the multiprocess-bearing 02A rather than due 
to the nonpermissive environment, because transplanted neo- 
natal OPs migrate a long distance and myelinate axons in 
dysmyelinated adult CNS (1, 36). Neuronal progenitors can 
also migrate a long distance from subependymal area to 
olfactory bulb in adult environment (41). In a separate study 
by Keirstead et aL (39). 02A"**"" (identified by NG2 labeling) 
adjacent to focally demyelinated lesions decreased in number 
with time and were not mitotic, and they suggested therefore 
that the 02A***"** are inherently incapable of regeneration (39). 
Therefore, strategies designed to simply increase the number 
of 02A*'*"**, such as by delivering PDGF into the CNS (35), 
may not be effective. An alternative avenue to this strategy, 
therefore, is to promote the in vivo regeneration of the 
02AP*^""^'''' from host neural precursors or stem cells, in a 
similar fashion as suggested by the present study. Such cells arc 
present in subependymal areas of the adult CNS and can 
differentiate into neurons and glia (11), therefore close to 
commonly affected areas in multiple sclerosis (6). The motility 
of 02AP*""**** might also indicate their ability to migrate to 
other parenchymal sites. The key to the application of these 
strategies in humans will be the identification of growth factors 
that have the biological effects both in vitro and in vivo on these 
precursor cells. 

This work is supported by National Institutes of Health Grant 
NS33710. 
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DetaUed knowledge of the molecular signals controlhng human 
precursor cell mi«.«tion and different iarion is a prereqmsue for the 
understanding of human central nervous system (CNS) develop- 
mem While individual aspects of cell migration and differentia- 
tion are accessible in vitro, the molecular interactions governmg 
these evems in a complex system such as the developing CNS can 
be studied onlv in vivo. Data on neural migration and differentia- 
tion in an intact nervous system are particularly important tor the 
desien of cell replacement strategies for the treatment of human 
CNS disorders. An experimental model that permits the analysis of 
normal and disease-derived human neurons and glia in an unper- 
turbed nervous system would greatly facilitate the study of human 
CNS development, disease, and repair. . • , j 

Self-renewinc multipotential neural stem cells can be isolated 
from both the e'mbrvonic and adult rodent brain and generate all 
three major cell types of the CNS' ". Similarly, human neural pre- 
cursors can be cultured in the presence of basic fibroblast growth 
factor (FGF2) and. upon growth factor withdrawal, differentiate 
into neurons, astrocytes, and oligodendrocytes ". To analyze the 
properties of human neural precursors in vivo, we h.ive developed a 
iransplant paradicm in which human cells are individually incor- 
porated into a xenogeneic host brain without eliciting traumatic or 
immunoloeical reactions. Human donor cells were not implanted 
into the brain tissue but merely deposited in the cerebral ventricles 
of embrvonic rats, allowing them free access lo large areas of the 
neuroepithelium-. The human donor cells left the ventricle and 
miurated in iarce numbers into the rnt brain where ihev differenti- 
ated alone with the endoeenous cdls into neurons and clia. We 
propose thai this new approach can he used for the in vivo studv ot 
the biolonicai properties of primarv and disease-derived human 
neural precursors .is a prelude to the desi-jn ol therapeutic stratc- 
cies for neurodcaencr.ntivc diseases. 

Results 

Widespread incorporation of transplanted human precursors. 



Human neural precursors isolated from fetal brain fragments 
recovered 53-74 davs postconception were transplanted immedi- 
atelv or after culture in defined medium containing FGF2 and/or 
epidermal growth factor (EOF), which promote growth of multi- 
potent rodent neural precursors in vitro-". Cells were either grown 
as monolaver cultures or propagated in uncoated tissue culture 
dishes to form floating spheres'". In both types of cultures, d.fter- 
entiation into neurons, astrocytes, and oligodendrocytes could be 
readilv induced by growth factor withdrawal . 

Usinc intrauterine surger>-, human donor cells were grafted into 
the telencephalic vesicle of embiyonic day (E)17-E18 rats . The 
transplanted cells were traced by DNA in situ hybridization with a 
human-specific probe to the alu repeat element'^ and immunohisto- 
chemistry with a human-specific antibody to glutathione-S-trans- 
ferase (GSTn). One to eieht weeks after transplantation, rccipiems ol 
acutelv dissociated (n= 12) and growth factor-treated preparations 
(n = 32) showed incorporated human cells in a variety of gray matter 
recions. including olfactory bulb, cortex (Fig. I A), hippocampus, 
striatum (Fig. IB and 2). septum (Fig. 3C), tectum (Figs. IC and 3F). 
thalamus (Fig- 3D), hypothalamus (Figs. 4D-F). and brain stem. 
Human cells xvere sx-mmetrically distributed in recipient brains 
erafted with sinele cell suspensions (Fig. 3C). Animals examined 
durine the first postnatal week also exhibited small clusters ot resid- 
ual donor cells attached to the ventricle walls ( Fig. 3A). Transplanted 
spheres were entrapped in periventricular locations and cave rise to a 
halo of cells that miarated lone distances into the host brain (Fig. 
5D) Seven to eieht weeks after transplantation, sphere-deriyed cells 
were found distributed over large areas of the recipient brain (Fig. 
ID-E 3F. 4A-H. 5b). Both freshly dissociated and cultured human 
neural precursor cells were incorporated into the host white matter. 
Recipient animals killed between 1 and 7 weeks ol age showed abun- 
dant GSTit-positiye cells in the maior fiber tracts such ns the internal 
capsule (Fic. 1 D). corpus callosum ( Fic. 1 D. inset), anterior ana pos- 
terior commissures, stria medullaris. forni.x. fimbria, as well as tibcr 
tracts in pons and brain stem (Fig. 4G-H 1. In addition, several rocip- 
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Figure 1. Incorporation of human neural precursor cells into the developing 
rl? brain visualized by human-speciftc DNA in s.tu hybridization (dark 
nucleaHabeling). (A^) Freshly dissociated cells and (D E) ce.,s cienvedj^ro- 
T-week-old EGF-generated spheres. (A) cortex (postnatal day jP 30. nset. 
hy^ridixelfnucleus); (B, striatum (P16); (C\'";7<>7,°1-";^ 
capsule (P45) and corpus callosum (inset); (E) optic nerve (P45). (B), (C). and 
th^ inset in (D) are counterstained with hematoxylin to visualize host nude . 
CO ^oi^us ca losum; so: supraoptic nucleus. Bars = 100 pm (insets: 20 pm). 
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ienis exhibited prominent accumulations of human cells in the 
optic nerve (Fig:. IE), in some animals, the transplanted cells 
replaced large pans ot' the subveniricular zone ISVZ) ot the 
lateral ventricles. Two months after transplantation, these cells 
appeared to have migrated from the SVZ into the corpus callo- 
sum and adiacent conical and striatal regions (Fig. 2). 
Numerous donor-derived cells were also found in white matter 
and conex of the cerebellum (Fig. 3E). In some instances, the 
transplanted cells accumulated around host blood vessels or 
formed long chain-like stnictures extending into host gray and 
white matter (data not shown). Thus, human cells, like rodent 
cells"* can engraft at various levels of the ncuraxis following 
transplantation into the ventricle of embryonic hosts. 

In vivo diffcreniiaiion of human neural precursors. 
During the first 2 postnatal weeks, human donor cells detect- 
ed with the GSTrt antibody frequently e.xhibited uni- or 
bipolar morphologies characteristic of a migratory pheno- 
type with a leading process and a trailing cell body (Fig. 3B). 
Human cells incorporated into the molecular layer ot the 
cerebellum maintained immature phenotypes with radially 
oriented processes for more than 7 weeks (Fig. 3E). At this 
stage, manv of the GSTn-labeled human cells in other brain 
re^^ions had acquired multipolar oligodendroglial morpholo- 
gies ( Fig. 3F) and displayed immunoreaciiviiy to an antibody 
recognizing oli^odendrocyie-specific glycolipids (Fig. 
4A-C). In addition, these cells expressed myelin basic prote'n ' 
(MBP) in both the cell body and within processes extcndmg 
to mvelin internodes. suggesting active myelination" (Figs. 
4D-F). These data arc compatible with studies showing 





Figure 2. Human neural precursors grown for 6 weeks 
as monolayers in EGF- and FGF-contain.ng media 
incorporated into the subventricular zone ot the lateral 
ventricle and migrating into corpus callosum (cc), 
striatum (St), and cortex (co|. Shown is a 50 Pm 
vibratome section through a T-week-old rat bram. Cells 
hybridized with the human a/u probe are labeled with 
red dots, "lateral ventricle. Bar= 1 mm. 
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Figure 3. Morphological features of human neural precursors rr<;Tr l?ReJ^dual 
embryonic rat brain, visualized with a human-spec.f.c «o GST.. \A) R^^^^^^ 

donor cells attached to the ventricle wall o. a S-day-old r««:'P'^"'^""rf^; 3°"° 
cell migrating through the striatal subven.r.cular zone of = """'^^^.^"Vk-old 
incorporation of freshly dissociated human donor eel s .n septum °« = ^jee"^ "^J 
host. (D) A human neural sphere grown for 6 weeks .n 

media incorporated into the thalamus of a 7-weeK-o d host 'E) Gf -PfJ^^^^"^"^^ 
w.th immature radial phenotypes in the cerebellar molecular '^-^^V^'^l^^^^^^ 
Donor cells with multipolar oligodendroglial morpholo9.es m p. 
after transplantation of EGF-generated spheres, -ventncles: cc: ^^ll'^l^^^X^^i^ 
pial surface. (A, B. E. and F) immunoperoxidase: (C-D) immunofluorescence. Bars-ZQ 
pm (A. B. E. and F), 1 mm (C), 200 pm <D). 
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stronc GSTn expression m rodent oligodendrocytes-. The presence 
of huinan olieodendrocvtes was confirmed bv immunohistochem- 
icat detection of the mvehn protein r.-V-cvdic nucleotide 5 -phos- 
phodiesterase (CNPl in cells hvbridized with the P'obe (Figs. 
4G and H ). Some of the donor cells appeared to torm CNP-posmve 
sheaths aroond host axons (Fig. 4H). Although there are preseiitly 
no antibodies that would distinguish human trom rat CNS myelin. 



these patterns of MB? and CNP expression suggest that the trans- 
planted human olicodendrocnes myelinate host axons. 

Human astrocytes incorporated into the rat brain were identi- 
fied bv double labeline of hvbridi2ed cells with an antibody to glial 
f.brillarv acidic protein (GFAP: Fig. 5A and B). These cells were 
also immunoreactive to an antibody to human aarenoleukodystro- 
phv protein (ALDP). a peroxisomal protein strongly expressed in 




Figure 4. Huinan oligodend«,cytes derived from ^^P^'"";^ ^'^l^^^!.- 
ID-F) EGF/FGF2.generated spheres incorporated mto the bram of 7-week-old rate 
A-2) Donor »arn,ws) and host(arTOv^eads)oli90dendrocj^es.n*ec^^^^^^ 
abeled with antibodies to GSTn (A and C: green) and 04 (B and C. red). (D-F) 
Hum^ oligodendrocyte incorporated in the host hypothalamus^ coexpressing 
GSTn "o and F: green) and MBP (E and F: red). (G-H) Human oligodendrocytes in 
«ber tracts of the ventral brain stem, hybridiied with the human slu probe (black) 
and double labeled with an antibody to CNP. which is also staining several myelin 
fntem^es (G. brown). Arrow in (H) indicates CNP staining around putabve adjacen 
axoITs (A-F) immunofluorescence confocal laser microscopy; (G-H) 
immunoperoxidase. Bars=20 pm (A-F), 10 pm (G and H). 



Figure 5. Astrocytic differentiation of the transplanted cells. 

(A) Hybridized human cell exhibiting radial GFAO positive 
processes in the tectum of a 3-day-old recipient. (B) Human 
astrocyte with a stellate morphology in the tectum of a 7- 
week-old host, double labeled by in situ hybridization and 
an antibody to GFAP. Cells are derived from (A) FGF2- and 

(B) EGF-generated spheres. (C) ALDP expression in a 
human astrocyte in the ventral telencephalon. 18 days after 
transplantation of an FGF2-expanded monolayer culture 
into the ventricle of an El 8 rat. Bars = 20 iim. 
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human astrocytes and microelia (Fie. 50. Astrocytes xv.th stellate 
morphotouies were t'ound in gray and white mailer oi torebrain, 
midbrain, and cerebellum. In neonatal animals, some oi the donor- 
deriyed astrocytes exhibited conspicuous radially oriented process- 
es iFic.SAl. ^ ■ . ~x , 
A 'human-specific aniibodv to medium-Sized neuroiilament 
(hNF-M) ' was used to visualize transplanted neurons (Fig. 6). 
Seven to eiehi weeks atier transplantation, numerous immunopos- 
itive axonat profiles were detected in the host gray and white matter 
(Fie 6D). Donor-derived axons were particularly abundant m cor- 
lex^and within large fiber tracts such as the corpus callosum and 
the anterior commissure. As the human hNF-M antibody labeled 
mostly axons, it onlv occasionally allowed the identitication ot neu- 
ronal cell bodies (Fig. 6A). In contrast, both neuronal cell bodies 
and processes could be identified alter transplantation ot cultured 
cells infected with an adenovirus harboring the lacZ gene, an 
experiment done to explore the feasibility of gene iranster into 
transplanted human cells. Immunohistochemical detection of 3* 
aalaciosidase showed neurons with polar morphologies and long 
axons incorporated into the host tissue (Figs. 6B and C). p-galac- 
tosidase expression was also found in cells with glial morphologies 
in both gray and white matter, although double immunotluores- 
ceni analyses will be required to identify the different t\'pes ot 
human cells expressing the transgene. 



Discussion . 
Human neural precursor cells implanted into the cerebral vemricle 
of embryonic rats incorporate efficiently into the host brain, gener- 
ating widespread CNS chimerism. Donor cells transplanted as sin- 
gle cell suspensions or spheres migrate into a variety ot telen- 
cephalic. diencephalic, and mesencephalic regions and differentiate 
into oligodendrocytes, astrocytes, and neurons. As in mouse-rat 
neural chimeras^*, no signs of reiection were observed up until at 
least 2 months after transplantation, indicating immunological tol- 
erance of the transplanted xenogeneic cells by the embryonic rat 
brain. The ability to incorporate into a xenogeneic recipient brain 
is maintained after prolonged proliferation of the donor ceils in 
defined, growth factor-containing medium. Moreover, donor cells 
transduced in vitro with an adenoviral vector continue to express 
the transeene after incorporation into the host brain. 

Previous studies have shown that human neural precursors 
transplanted directly into the brain tissue of adult immunosup- 
pressed rodents form cell clusters with limned spread of the trans- 
planted cells into the adiacent host brain' In contrast, intraven- 
tricular transplantation into embrvonic hosts permits widespread 
delivery of human cells to manv brain regions. The widespread dis- 
tribution of the transplanted human cells is similar to the incorpo- 
ration pattern observed after intrauterine transplantation of 
rodent cells"""'- In both cases, the transplanted cells appear to fol- 
low endogenous migratory routes. For example, human precursors 
leaving the ventricfe migrated into the optic nerve, where they 
acquired oligodendroglial morphologies. This observation is remi- 
niscent of the migration of olieodendroc^'le precursors trom the 
third ventricle into the optic nerve Donor cells m the SVZ ot the 
lateral ventricle migrated into the corpus callosum and adiacent 
cortical and striatal regions i Fie :i. similar to the micraiton ol dial 
ceils generated postnatallv in the rat suDveniricular zone- . These 
similarities suggest that donor ceil migration is not primarily 
determined by^cell-auionomous properties but bv euidance cues 
within the host brain. Responsiveness of human donor cells to 
micration cues within a rodent bratn impiies remarkable conserva- 
tion of these signals across species. 

The SVZ serves as an endoeenous source of miiitipotential 
neural precursors that uive rise to neurons and clia throuuhoui 
liie The ability to introduce human neurai precursors into the rat 
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SVZ offers an interesting perspective tor the study ot cell replace- 
ment in the nerxous svsiem. Future cell replacement strategies may 
no longer depend on cell transplantation but tocus on the external 
modulation of endogenous neuro- and gliogenesis by gene transter 
and growth factor deliver/ ^ Incorporation ot human cells into a 
rodent SVZ provides a unique opportunity to explore the etticacy 
of these strategies in vivo. , . . cxr? 

Our data suggest that many of the human cells leaving the b\ Z 
populate the white matter and acquire oligodendroglial pheno- 
tvpes lFi<' Following migration, differentiated human ohgo- 
dendrocv^s express the myefin proteins MBP and CNP and form 
CNP-positive sheaths around host axons, suggesting myelin forma- 
tion (Fig. 4H). Transplants into myclin-deficient mutants will 
determine the exact amount and distribution of human mvelin 
within the host brain^^-'. Thus, the model described might be used 
and adapted in various ways to study the mechanisms of myelin 
repair in human demveiinaiing diseases^ As these diseases atfcct 
large areas of the CNS, repair of myelin by transplantation would 
require widespread delivery of oligodendrocytes to the host bram^ 
So far, oligodendrocyte transplants have been generally pertormed 
as intraparenchymai grafts, resulting in successful jet spatially 
restricted remvelination in a variety of animal models'^**. The strat- 
egy presented here can be exploited to optimize widespread 
remvelination in demyelinaiing diseases. Initially, this approach 
will'be particularly relevant to the question of myelin repair in 
human leukodystrophies occurring in the perinatal periods 

Combined with gene transfer into the human donor cells, this 
• chimera model will permit the study of molecular mechanisms reg- 
ulating human neural migration and differentiation in a function- 
al brai^n. Alternatively, human donor cells can be introduced into 
embrvos of transgenic mice overexpressing factors known to pro- 
mote precursor cell migration and differentiation. Such a strategy 
can be used to assay the effect of trophic factors on human neural 
cells in a live nervous svsiem. These studies should be particularly 
useful for the design of cell replacement strategies as well as tor 
probing the efficacy of gene transfer protocols m the human CNS. 
The lack of traumatic and reactive alterations in the chimeric 
brains could make this approach a useful tool for the in vivo analv- 
sis of neural cells obtained from patients with neurological dis- 
eases. Incorporation of affected cells imo an unperturbed nervous 
system mav provide new insights into the cellular pathogenesis ot 
these diseases and serve as a model to assay the etfects of pharma- 
ceutical agents on human neurons and glia in vivo. 



Experimental protocol 

Dissocial.on of human donor cells. Human t^ial brain specimens were 
obtained wuh consent of the mothers from the Birih detect Re se:»K^ 
Laboratory. University of Washington. Seattle tsupporied by NIH/NICHD 
^rant HD 00836. IRB number 26-0769.A). Cerebral tragments cleaned .n 
Merile conditions and shipped overniehl in hibernation bulfef tvp.callv 
yielded cell preparations with a viability of SO-93%. Eleven specimens, 
obtained between 53 and 74 davs posiconcepi.on. were used for ih.s siuuv. 
Tissue fraements were washed five times in calcium- and magnes.um-trce 
Hanks buttered salt solution (CMF-HBSS) and mechanically iruurated to 
.mgle ceil suspensions m the presence of O-Po .rvpsm and O.l°'o DNA.e 
(Wonhineton. Freehold. Nl). ■ i 

Cell culture. Human neural precursor cells were grown m defined meai- 
um conta.n.ne DMEM/FU (Life Technoloe.es. Ro.kviUe. MD). eluco>e. e.u^ 
umme. sodium bicarbonate. :5 M^ml msuUn Untergen. New >ork). 100 
ue/ml human aoo-transterrin (Intereen). :0 nM progesterone tS.^ma M. 
Louis MOl 100 uM puirescine (Siemaj. }0 nM sodium selen.ie tMema». 
pemcaiin/stremomvcm. 10-20 ne/ml FGF2 and/or 10 ng/ml EGF fR&D 
Svsiems. .Minneapolis. MN). Monoiaver cultures w.re propagaiea tor i-l 
weeks in tissue culture plates coated with tlbroneciin (Life lechnoloc.e.: 1 
Miymi> or polvormthin (Sigma: 1.5 ng/ mi). Cells uere passaged mccnan.cauv 
using a ceil scraper, immediately prior lo tran^rijni.uion. cells were iriiurat- 
od in the presence oi 0. 1% DSAse. Neurai sphere^ were generated bv growing 
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"Global" ceU replacement is feasible via neural stem ceU 
trai^splantetion: Evidence from the dysmyelmated 
shiver er mouse brain 

(myeliDation/mutants/oligodtndroglia/regeneration) 
RonMA D YaNDAVA. low L. BlLLINGHURST, AND EVAN Y. SNYDER* 

BOOMA U. Y ANDAVA, ^ ^^^^^ ,5 



ABSTRACT Many diseases of the central nervous system 

hv CNS.wide white matter disease provide ideal models 
STestingTe h^Jothesis that neural stem cell transplantation 
mifcom^nsainor defective neural cell ^ '"J-^P^^'; 
migni V renlacemcnt throughout the brain. lUe 

og.es requ,nng «U r^pU«men^^^ B^^^^ ^^^^ 

(Cp isentSl for effecUve myelinaUon. Therapy, here on^ 
il!ri3«pr«id replacement with MBP-expr«smg ohgo- 
Zir^vJ^ oral ne!ral stem cells transplanted at b.rth- 
dendrocytM. j,roveniricular implantaUon tech- 

"re^iSiiw^dLT^d:^^^^^ 

Sn^ «^etion of MBP- Accordingly, of the many donor 
S stlTat diSerentiated into oUgodendroglia-ther. aPP^a-d to 
be a sWft in the fate of these multipotent ceHs toM^rd an 
■- J VJolial fate— a subgroup myelinated up to 52% 
Sfan = h^t nLro'na. 'processes with better com^ 

mvelin o a thickness and periodicity more dosely ap- 
pactea myemi " „,.mher of recipient animals evinced 

JeuXll "placement s^msfeasi^^ 

if cells with stem-like features arc used. 

Kyi,nv di^^ases of thc Central nervous system (CNS) arc charac- 
Sd nor^discxetc. focal neuropathology but, rather^ ^ 
eSvrmuUifocal. or even "global" neural degeneration or 
dSctlon Such conditions may require -'d«P«-«l^replace- 
S not only of therapeutic molecules, such as ^n^"'"' "ut of 
neural cells as well. "Global" ceUular replacement has been 
?««rded^ beyond the capabilities of neural transplantation, 
whfch meJ^omly has been used in situations in which grafts axe 

Se striatum in Parkinsonism). However, we previously demon- 
. ^hl?neural Stem cells (NSQ) can disseminate therapeutic 
re prS S tS^^^^ thi CNS (1. 2). We hypothesized that 

gene F^"^ ^ ^ , ^ork in situations requiring 

7oS"r:;:rcel^^^^^^^^^^^ or dysfunctional neural 

NSC is an immature, uncommitted ceU that exists in the 
An iNb^ ^^^^ J ,o the 

SiCo eretw, to differentiate uito cells of most (if not 
all) nSnaJand glial lineages, an d to populate developmg or 

Kiv,„nn costs of ihis ariicU were defrayed in part by page charge 
™rar k c -herefore he herebv n.arked -o.Wen^ancnr m 
payment. Th.s an cle m ^^.^ ^^^^ 

accordance with 18 u.3-<— i"- 

PNAS is available online a> w^v^.pnas.0IS. 



degenerating CNS regions. The recognition that NSCs. propa- 
gafcd in culture, could be reimplantcd mto 
where they could reintegrate appropriately and stably cxprjas 
foreien genes (1-9). provided hope that their use might make 
iSefvarieUf novel therapeuticstrategiesWhenexogeno^ 

NSCs arc transplanted into germinal zones, they circumvent tnc 
blood-brain barrier, migrate to distant CNS regions, and panic- 
ioawin the normal development of multiple regions throughout 
Se S^d at multiple stages (from fetus to adult), integrating 
seamlessly within thc parenchyma, diffcrentiatmg appropnatcly 
Sivenc neuronal and glial ceU types. TTius. their use as graft 
material can be considered ahnost analogous to hematopoietic 
stem cell-mediated reconstinition of bone marrow In one of thcu 
earliest uses as a therapeutic tool, NSCs were miplanted at buth. 
using a simple, rapid, intracercbrovcntricular mjeciion technique 
S delivered a missing gene product (p-glucuronida e) 
throughout the brain of a mouse in which the gene was inutated 
in aU^lls (the MPS VII mutant, a model of the neun^egen- 
erative lysosomal storage disease mucopolysacchandosis ty^ 
^I) cro^<orTecting the widespread neuropathology of host 
neurons and glia by creating virtually chimenc bram regions (!)• 
We hypothesked that a similar method might accomplah glob- 
al" reXcement of degenerated or dysfuncuonal neural cells. 
^ mice chara'erized by CNS-wide -J«r d.^^ 

because of oUsodendrocyte dyshinaion provide ideal ^odek to^ 
S^g this hypothesis. The shiverer {sh,) mouse suffers from 
e«emive dys^^lination because of an autosomal rece^ive de- 
52t That renders its oligodendrocytes dysfunrt.onal in homozy- 
cous animals: a deletion of five of seven exons comprising the 
lene encoding mvelin basic protein (MBP) makes the eel 
Spable of producing this oV^io6.n6,og\^^^ cor.pon^^^^^ 
essential for effective compact ^"^'1"^^"°" ^/^. '/'^^^^ 

ors develop by 2-3 weeks of age. Therapy for this cell- 
:So« defect would require e«ensive rep^cxrnen^w.th 
funaional MBP-producing ohgodendrocytes. (In a sense re 
Saam^nt of both an abnormal neural ceU type and a dysfunc^ 
Kl gene is entaUed.) It is known that the 5/.. cellular and 
SeSavioS phenotypes can be rescued by introducing the w.ld_ 
gene int^e germ line (17). However, this approach 
^ot^pliLble .0 clinical therapies. THe shi Pheno'^h^.b«n 
treated in discrete regions by injectmg a fragment of P'^ar> CNS 
;;"ue comainuig normal, mature, ^BP-expr-smg 0 go^^^^ 
cvtes (19) in much the same way as other relatively tocai 
demyiSted lesions have been addressed by g s^rom v.nou 
stages within the oligodendrocyte lineage (21. 22)^»°7;j^^-.^^ 
Hr.^^ not correct the global abnormality of sht CNS tnyelm. 1 ne 
l^tSfer^nSatedob^odcndrocytesmieratemmi^^^^^^^^^ 
mjeciion site, whereas cells that migrate more broadly are less 

^^^^^^^^^^^^^^^^ 

X-pal 5-bromo-4-chloro-3-indo!yl |3-D-calactosidc. p ^a*- ^ :> 
^aL-'uM. Hght microscopy; ^M. elecuon «^ 
-To whom rcprini requests should be addr^scd at- n 

School. ChUdrcn-s Hospual. 500 L^T^^^^ft^^" h"-^^^^^^ 
inc. Boston. MA 02115. c-mail: Snyder@Al.TCH.Harvara.tia 
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likeiv to differentiate into mature myelinating cells (23). In 
contrast to resident oligodendrocyies and more differentiated 
precursors, multipotent. migratory NSCs tend not to differentiate 
until instructed bv resionafcues. this property might circumvent 
these problems, ther'efore, NSCs were transplanted at birth into 
the brains of mutants, using the same intracerebroventncular 
implantation technique devised for diffuse engraft- 
ment of enzyme-expressing NSCs to treat global metabolic 
lesions (1, 2). 

MATERIALS AJvJD METHODS 
Animals. Shi breeders were obtained initially from The Jack- 
son Laboratory, and a colony was maintained thereafter in our 
facility. With careful husbandry, homozygous shi males and 
females (2-5 months of age) can mate with each other; a shi/shi 
genotype was ensured by using the progeny of such homozygous 
matines. 

TranspIantaUon. On the. day of birth, shilshi pups (and unaf- 
fected controls) received bilateral intracerebroventncular injec- 
tions of a suspension of NSa (clone C17.2) as described (1, 2). 
C17.2 is a stable, prototypical NSC clone originally derived from 
neonatal mouse cerebellum but capable of participating in the 
development of most other regions upon implantation into 
germinal zones throughout the brain (1, 2, 6, 24-26). The NSCs 
differentiate into neurons in regions undergoing neurogenesis or 
into glia. where gliogenesis is ongoing (6, 24, 25). Therefore, they 
emulate endogenous NSCs as well as NSC clones propagated by 
a variety of techniques from other structures (3-15). After 0-2 
mitoses* in the first 48 hr posttransplant, they become quiescent 
and intermingle nondisruptively with endogenous progenitors. 
The total cell number per region (host plus donor) is not 
increased. The clone constitutively and stably expresses lacZ 
[encoding /3-galactosidase (^-gal), delectable by the 5-bromo-4- 
chloro-3-indolvl /3-D-galactoside (X-gal) hisiochemical reaction). 
Undifferentiated NSCs. maintained in culture and prepared for 
transplantation as detailed elsewhere (1, 2. 24-26), were resus- 
pended in PBS at 4 x 10* cells/^iL The lateral ventricles of 
cryoanesthetized pups were visualized by transillumination of the 
head (1, 2); 2 \A of the cellular suspension was expelled gently via 
a glass micropipette inserted transcutaneously into each ventricle 
(gaining access to the subventricular zone). Pups were returned 
to maternal care until weaning. Six homozygous litters of eight 
offspring each were transplanted. 

Analysis of Engrafted Brains. At various intervals between 
2 and S weeks after transplantation, serial coronal sections of 
recipient brains were processed with X-gal histochemistry 
and/or an anii-p-gal antibody (Cappel, 1:1,000) to detect 
/flcZ-expressing donor-derived ceils as detailed previously (25, 
27). The phenotypes of those cells were assessed by light 
microscopy (LM), immunocytochemistry, and electron mi- 
croscopy (EM) by using predesignated, standard criteria de- 
tailed elsewhere (24-30). Although donor NSCs give rise to a 
ranae of neurons and glia in vivo [as in our previous reports (1, 
2, 24-27)], this study was confined to an assessment of 
donor-derived oligodendroglia and their potential replace- 
ment: therefore, for the purposes of this study, all cells, both 
donor and host, were classified as either "oligodendrocyies" or 
"not olieodendrocyies." Because multiple modes of analysis 
could be performed on the same tissue, multiple parameters 
could be correlated in the same animal. 

Morphologic analysis first was performed at the LM level by 
using bright-field, differential interference contrast (DIC) and/or 
immunofluorescence microscopy. Engrafted cells then were as- 
sessed by using ultrastructural criteria by EM for the direct 
visualization and quantitative morphometries of cell t\pe-specific 
components, including myelin (24-30). X-gal-processed tissue 
was prepared for EM as detailed previously (24-26). The X-gal 
reaction product forms a cr\^talline blue precipitate that is 
nondiffusible and electron dense, permitting donor-derived lacZ- 
expressing cells to be identified and distinguished unequivocally 



from unlabeled endogenous cells at both LM and EM levels . 
(24-30) (see Figs. 40 and 14). The precipitate typically is 
localized to the nuclear membrane, forming a nuclear ring within 
donor-derived cells (often overlying the nucleus), endoplasmic 
reticulum (ER). and other cytoplasmic organelles, and it fre- 
quently extends into cellular processes. Despite the presence of 
accepted LM features and immunocytochemistry markers. CNS 
cell types, and. particularly, functional oligodendrocytes, have 
been most extensively and reliably characterized ultrastructurally. 
Established criteria for cell-type assignment [detailed elsewhere 
(16-30)) were used. We also have validated independently these 
criteria by correlating ultrastructural. histologic, and antigenic 
profiles of individual donor-derived and host cells as detailed 
previously (24-30). Briefly, a cell was scored as an "oligoden- 
drocyte'' if it possessed the following ultrastructural criteria: was 
a small (5- to S-fun diameter), round or oval cell with a smooth, 
regular perikaryon and a distinctively dark nucleus and cytoplasm 
(an appearance created by numerous fme granules); possessed a 
large, prominent nucleus (occupying more than one-half of the 
area of the cell) with dense heterochromatin marginated against 
the nuclear membrane and/or clumped centrally; possessed a thin 
rim of cytoplasm that, though not voluminous, could appear as : 
mass at the cellular poles when the nucleus lay eccentrically; an*, 
possessed a moderate number of short, round mitochondria and 
often long, meandering, distended ER (16-24, 28-30). Associa- 
tion with myelinated fibers, if visible in the same plane of section, 
helped confirm an oligodendroglial phenotype. Cells not meeting 
these criteria were scored as "nonoligodendrocytes.'* 

Morphometric analysis of myelin on electron micrographs 
entailed assessment of the degree of compaction, including noting 
the presence of major dense lines (MDLs) (the oligodendroglial 
cytoplasmic membrane appositions that constitute the wraps of 
mvelin) and quantifying both periodicity (a measure of interla- 
mellar distance between myelin wraps as represented by th 
distance between intraperiod lines and/or MDLs) and width 0 
the total myelin \\Tap. Measurements in engrafted regions of shi 
cerebrum were compared with those in unengraf ted areas of the 
same mouse (internal control) and with those in analogous, 
homotopic regions of the cerebra of age-matched affected and 
unaffected, unengrafted control mice. Cell counts and morpho- 
metries were performed under EM on randomly, systematically 
selected representative fields and EM grids from multiple non- 
contieuous sections spanning the cerebra of experimental and 
control mice. Cell-type assignments were confirmed indepen- 
denilv by three observers blinded to the experiment. 

The presence of MBP in vivo classically has been used " 
eraftins studies into shi (31) to distinguish normal donor fro:, 
mutant" oligodendroc^'tes. For immunocytochemistry anah'sis of 
brain tissue, 20-pLm-thick, 4% paraformaldehyde-fixed cryosec- 
tions or 10-fxm-thick. paraffin-embedded sections were reacted 
with a polyclonal antibody raised in rabbit against MBP (gift of 
D, Colman, Mt. Sinai: 1:200) by using standard inimunoperoxi- 
dase (Vectasiain. Vector Laboratories) or immunofluorescence 
procedures as detailed previously (2. 24, 25. 27). For analysis of 
cultured cells, a cellular monolayer was processed by using 
standard immunoperoxidase techniques. NSC-derived cells ex- 
pressed MBP in culture after prolonged periods in vino (>2 
weeks) and/or after supplementation with conditioned medii 
from primary cultures of dissociated mouse cerebrum, a conu.- 
lion that appears to emulate the stably engrafted state. 

Western Blot Analysis. Western blot analysis, using standard 
techniques and the above-referenced anti-MBP antibody, was 
performed on myelin-eniiched membrane fractions (32) ol 
whole-brain lysaies prepared from semiscrial coronal sections of 
transplanted shi i shi mice at 4-5 weeks of age, as well as age- 
matched, uniransplanted shilshi and unaffected controls. 

Behavioral Assessment. Functional improvement in represen- 
tative recipient animals was assayed by quant if\*ing the amount ot 
tremor by (/ ) scoring recorded cage behavior and (//) measuring 
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Fig 1 NSO can express MBP. Two engraftable NSC clones, known 
lo Bve rise lo oligodendrocytes in vivo after transplantation, axe reacted 
with an aniibodv to MBP in vitro by using immunoperoxidase method- 
oloev {A) A subpopulation of NSC clone C17.2 (arrows) djfferennates 
SioMBP-expressing cells after exposure to conditioned medium from a 
^^c^Zc of nivbom mouse forebrain. (fl) Cells from done C273 
Spontaneously differentiated toward MBP expression. TTie present 
exSnu were perfonned by using clone C17^ becat« of pnor 
exE^riSTa with th«e cells in CNS-wide gene therapy engraftment 
paradigms. 

the ampUtude of taU tremor, a readily accessible, reUable, and 
reproducible measure of whole-body tremor. ^ , ^ 

Cage behavior of both transplanted (n = 10) and unuans- 
clantcd (n = 3) affected mice as well as unaffected controls (n - 
3) was videotaped and graded independenUy by three mvestiga- 
tors blinded to the experiment. A four-point netiroloeic scormg 
scale was used, where a score of "1" corresponded to complete^ 
abnormal behavior and a score of "A" denoted a completely 
normal neurologic exam. Animals were rated accordmg to their 
(/) exploring/grooming behavior, (ii) voluntary movement, (w) 
tail^ovemenl and degree of tremor, and (.v) propnocept.on 
coordination, and poswre. Unaffected '^^""^J °" 
blinded assessment, achieved a mean score of 3.91 f 0J14, whidh 
was significanUy different from the mean score of ^09 ^.08 
received by untransplanted shi mutant controls (? < 0.00001). 
suggesting the sensitivity and validity of this assay with mmmial 
intTrobsemrvariabUity.Eachexperimemal animal similarly was 

Eraded blindly. At the completion of the study, upon breaking of 
the animals' identity codes, each score was calculated for a 
statistically signif.caM difference from unaffected and affected/ 
untteated animals. Mean scores of the groups also were com- 
pared. 
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Rerause tremor is v.c most prominent feature of the shi 
K ^ oral Dhenotvpe. it was quantified directly by measurmg the 
H^rrle of tail displacement perpendicularly from a straight line 
S ^ the direction of the animal s forward movement (tail 
Tr,«^e^ fsee Fie. 6 C and D). Measuremenu were made by 
animal^s taU in India ink and then permitting the 
mo^ to move freely in one direction on a sheet of graph paper. 
T^etail of an unaffected nontremulous animal draws a Ime with 
vkmally no perpendicular displacement from the direction of 
Xment(LL^e long axis of the body); e.g..ainpl.mdc=Ocm^ 
The tail of a "shivering" animal demarcates a broad region of 
movement (tremor) about the line (i.e„ displacement perpendic- 
ular to that axis; e.g.. amplitude = 4 cm). 

RESULTS AND DISCUSSION 
The use of NSQ to address the widespread oligodendroglial 
oathology of the shi CNS was predicated on three observations: 
(i) our previous determination that NSC clones are capable of 
differentiating into morphologicaUy, imrounocy tochemicaUy, and 
ultrastrucmrally proven oUgodendrocytes in y«ro and w ww after 
transplantation into wUd-type mouse bram (2, 6, 24. 25. 27); («) 
our confirmation at the outset of these experiments that they are 
capable of producing MBP (Fig. 1); and (ii7) our pnor «penence 
that the implantation and integration of exogenous NSC clon« 
into germinal zones of fetuses and newborns (1, 2, 26 27) could 
ensure their disscminauon throughout a recipient s bram. with 
normal development of the virtuaUy chimeric regions to which 

they contribute. . ■ u • . .u- 

Therefore, clonal NSCs were transplanted at birth into the 
brains ofshi mice (as weU as unaffected controls), using the same 
intiacerebroventriculai implantation technique devised previ- 
ously for the widespread engraftment of enzyme-expressing 
NSCs to treat global metabolic lesions (1. 2). Within 24 hr after 
implantauon, consistent with our prior observauons (1. 1, I'h 




Fig 2 NSCs eneraft extensively throughout the shi d\-smyelinaied 
brain indudins within white tracts. /^cZ-expressing NSCs were trans- 
plant'ed into newborn^/./ mutants and analvied s>-s.emaMcaUy at mtervals 
between 2 and 8 weeks after engraftment. W) Semisenal coronal secuons 
throuEh ihe shi brain at adulihood demonstrate widely c^ssemmated 
inteeration of blue X-gal" donor-derived cells throughout the neuraxis. 
(B-D) Progressivclv hishcr macnificaiion of donor-denved cell mtcgra- 
tion in while tracts (arro^vs) at 2 weeks of age. 
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Fig 3 MBP expression in mawre transplanted and control brains. 
(^) Western analysis for MBP in whole-bram lysates. TT'C bra^o «hree 
epresentative transplanted./., mutants (Unes 2-4) cxpre« MBP a^e^cls 
dose to that of an aee-ma.ched. unaffected mouse P"*'"^ 
omrol) and signifcan.ly greater than the amounts " 
nlanied (lanes 7 and S. negative control) or unengralied (lanes d and 6^ 
newtive control), aee-matched shi mutants. (Identical total protem 
^oCts were loaded-in each lane.) (B-D) Immunocytochemical analysis 
MBMB)^e brain of a mature unaffected mouse is immunoreactive 
o an antibSv to MBP (revealed with a Texas •^''^--"'"^J'f/.rm 
antibodv). (C and D) Age-matchcd engrafted brains f^J" ^' 
similarly show immunoreactivi.y. Untransplanted sh, brains l^^" MBP. 
Sefore. MBP immunoreactiv.ry also classically has been a marker or 
normal, donor-derived oligodendrocytes (C and D) m transplant para- 
dicms (31). 
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NSCs integrated within the subventricular zone throughout the 
leneih of the ventricular system and, by 1-2 weeks posttransplant, 
had migrated into and engrafted extensively within the shi brain 
parenchyma (Fig. 2). At maturity, lacZ^ donor-derived ceUs were 
integrated searnlessly throughout the shi neuraxis (Fig. 2A), 
including within white tracts (Fig. 2 B-D). The brains of trans- 
planted shi mutants, as assessed by Western analysis of whole- 
brain lysates (Fig. 14), now expressed readily detectable levels of 
MBP (lanes 2-4) that contrasted markedly with the absence of 
MBP in unengrafted, age-matched shi brains (lanes 5-8) and 
compared favorably with that present in unaffected brains (lane 
1). Immunocytochemistry analysis using an antibody to MBP 



Fig. 4. Engrafted NSCs in recipient shi mutants dif- 
ferentiate into oligodendrocytes. {A and B) Donor-derived 
X-gal* cells in representative sectiom through the corpus 
callosum possess characteristic oligodendroglial features 
(small, round or polygonal cell bodies with multiple fine 
processes oriented in the direction of the neural fiber 
tracts). (€) Oose-up of a representative donor-derived 
anti-^-gal immunorcaaivc oligodendrocyte (arrow) rr. 
lending multiple processes toward and beginning to • 
wrap large, adjacent axonal bundles ("a") viewed on ena . 
a section through the corpus callosum. That cells such as 
those in^-C (and in Fig. 3 C and D) arc oligodcndroglia 
is confirmed by the representative electron micrograph in 
D (and in Fig. 5A), demonstrating the defining ultrastruc- 
tural features detailed in Materials and Metfiods. A donor- 
derived X-gal-labclcd oligodendrocyte ("LO") can be dis- 
tinguished by the electron-dense X-gal precipitate that 
typically is localized to the nuclear membrane (arrow), 
endoplasmic teticulum (anowhcad), and other cytoplas- 
mic organelles. The area indicated by the arrowhead is 
magnified in the Inset to demonstrate the unique crystal- 
line nature of individual precipitate panicles. 

(Fig. 3 B-D) (31) confirmed expression of MBP at the cellular 
level in engrafted shi brains (Fig. 3 C and D) with an immuno- 
reactivity comparable to that in nonmutant brains (Fig. 3B). 
Therefore, transplantation of NSCs into the MBP-deficienl shi 
brain resulted in widespread engraftment with repletion of sig- 
nificant amounts of whole-brain MBP. 

This observation lent support to the expectation that, had 
donor NSCs indeed differentiated into mature, normal oligoden- 
drocytes, then they would effectively enwrap host axons and 
dendrites with better-compaaed myelin. The phenotype of trans- 
planted NSCs, therefore, was confirmed by LM and EM. 

Under bright field such donor-derived. iacZ* cells, panicularl 
within white tracts, indeed possessed a morpholog>' classic fo. 




Fig. 5. NSC-derived ••replacement" oligodendro- 
cytes appear functional as demonstrated by ulirastruc- 
rural evidence of myelination of 5/11 axons. In regions 01 
MBP-cxpressing NSC engraftment, 5/11 neuronal pro- 
cesses become enwrapped by thick. beiier<ompacted 
myelin. {A) At 2 weeks posttransplant, a representative 
donor-derived, labeled oligodendrocyte ("LO") [rec- 
ognized by extensive X-gal precipitate ("p") in the 
nuclear membrane, cytoplasmic organelles, and pro- 
cesses) is extending processes (a representative one is 
delineated by arrowheads) to host ncuritcs and is 
begirming to cnsheathe ihem with myelin ("m"). (B) If 
engrafted shi regions, such as that inv4, are followed 
over time (e.g., to 4 weeks of age as pictured here), the 
myelin begins to appear healthier, thicker, and better 
compacted (examples indicated by anows) than that in 
age-matched, untransplanted control mutants. (C) By 
6 weeks posttransplant. these mature into even thicker 
wraps: ■*'40% of host axons arc ensheathed by myelin 
(a higher-power view of a representative axon is illus- 
trated in C) that is dramatically thicker and better 
compacted than that of shi myelin (an example of which 
is shown in D (black anowhead) from an unengrafted 
region of an otherwise successfully engrafted 5>ii brain). 
In C. open arrowheads indicate representative regions 
of myelin that arc magnified in the adjacent respective 
hiseis: major dense lines are evident. 
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Table K Morphomeiric ami behavioral analysis 



Shivcrcr 



Parameter 



Normal Uncngrafted Engrafted 



0 



37.5 



Neuronal processes with 

myelin and MDLs,* 9c 96.7 
Periodiciiv of mvclin."' 

' ' 4.5 - 0.2 24.4 ± 5.8 10.5 r 0.7 

Width of myelin wrap, 

nm 138 r 5 

Degree of tremor (as tail 

displacement.* cm 0 
Behavioral scored 

(scale = 1-4) 3.91 - 0.14 2.09 - 0.08 3.72 ± 0.20 



59.5 r 1.5 135 r 20 



1.2::: 1.6 



•MDLs. major dense lines, an indication of compacted myelin; the data 
represent the mean percentage of axons and dendrites with MDLs in 
representative specimens examined. 

tSec Materials and Methods for definition. The shorter the distance, 
the better compacted and. hence, more normal the myelin. 
tSce * Behavioral Assessment" in Materials and Methods as well as Fig. 6 C 
and D for a description. Zero centimeter of tad displacement suggests 
minimal to no tremor. 4 cm of displacement reflects extensive tremor. 
Of the 10 transplanted ski mice examined. 6 actually showed zero 
displacement. ,. ^ 

^See "Behavioral Assessment" in Materials and Methods 2sv^t\\ as Fig. 6 
A and B for a description of the scoring system. Unengratied^/ii mutants 
scored significantly worse than normal mice [P < O.OOOl); the scores for 
successfully engrafted shi mice examined in this fashion, however, [n - 
6) were statistically indistinguishable from those of normal mice {P - 
0.20) and significantly better than uncngrafted shi mice (P < 0.0001). 
Unsuccessfully transplanted j/ii mice (n = 4; mean score = 1.97 i: 0.29) 
were indistinguishable from untransplantcd j/ii [i.e., significantly differ- 
ent from scores in the "normal" column {P < 0.0003). not statisticaUy 
different from scores in the "uncngrafted shi'* colunm). 

oligodendrocytes <Fig. 4 A^l typically exteriding processes 
toward large axonal bundles (Fig. 4C). The crystalhne X-gal 
precipitate is electron-dense, ensuring unambiguous designation 
and charaaerization of donor-derived cells even at the EM level 
(8, 24-30). EM analysis of x-gal+ donor-derived cells confirmed 
that they met the defining ultrasiructural criteria of oligodendro- 
cytes (e!g.. Figs. 4D and 5A) (detailed in Materials and Methods). 

Therefore, donor NSCs could differentiate into ulirastructur- 
ally confirmed oligodendrocytes in the engrafted shi brain. Of 
interest was the additional observation that, although these 
multipotent donor cells were able to differentiate into multiple 
neural cell types in the engrafted j/i/ brains, a significantly greater 
percentage of engrafted NSCs differentiated toward an oligo- 
dendroglial phenotype in the shi brain (28%) than in normal 
controls (16%; r = 0 015), suggesting that NSCs acnially may be 
compensating somewhat specifically for oligodendrocyte dysfunc- 
tion in shi. Of note, a similar shift in the fate of this same clone 
of multipotent NSQ toward a neuronal phenotype was detected 
in developmg (26) and adult (25) mouse brain when that neural 
cell type was deficient or defecrive and required compensation. 
Taken together these observations suggest that NSCs might 
possess a mechanism wherebv their differentiation is directed to 
replenish deficient or inadequate ceU types. Such behavior may 
reflect a fundamental developmental strategy with therapeutic 

utility. , . 

The successful repletion of MB? in the shi brain suggested that 
donor-derived oligodendrocytes should be functional and. hence 
form healthier myelin ihrouehout the brain. Indeed, as early as 2 
weeks posttranspiant. a subpopulation of donor-denved oligo- 
dendrocvtes extended processes that enwrapped host axons and 
dendrites and beean laving down mvelin around neuronal pro- 
cesses (Fig. 5A ). Over a period of 3-4 weeks, the myelin produced 
bv these oiieodendrocytes appeared healthier, thicker, ^"^^^^^^ 
compaciediFig. 5fi). Bv 6 weeks posttranspiant. a mean of -40 
of host neuronal processes (Table 1) (up to 52% m some 
representative specimens examined) were ensheathed by donor- 




FiG. 6. Functional and behavioral assessment of transplanted shi 
mutants and controls. The shi mutation is characterized by the onset of 
tremor and a "shivering gait * by the second to third postnatal week. The 
degree of motor dysfunction in animals was gauged in two ways: (() by 
blindly scoring periods of standardized videotaped cage behavior of 
experimental and control animals and (ii) by measuring the amplitude of 
tail displacement from the body's rostral-caudal axis (an objective, 
quantifiable index of tremor) (sec Materials and Methods). Video frcczc- 
frames of representative uncngrafted and successfully engrafted shi mice 
are seen in A and S, respectively. The whole-body tremor and ataxic 
movement observed in the uncngrafted symptomatic animal iA) causes 
the frame to blur, a contrast to the well focused frame of the asymptom- 
atic transplanted j>ii mouse (B). The neurologic scoring of such mice is 
detailed in Materials and Methods and Table I; 60% of transplanted 
mutants evinced nearly normal-appearing behavior as in B and attained 
scores that were not significantly different from normal controls. C and 
D depict the matmer in which whole-body tremor was mirrored by the 
amplitude of tail displacement (hatched, gray arrow in O. measured 
perpendicularly from a line drawn in the direction of the animal's 
movement (solid, gray arrow, which represents the body's long axis) (sec 
Materials and Methods). Measurements were made by permitting a 
mouse, whose tail had been dipped in India ink. to move freely in a 
straight line on a sheet of graph paper as shown. Large degrees of tremor 
cause the tail to make widely divergent ink marks away from the midline, 
representing the bod/s axis (Q. Absence of tremor allows the tail to make 
long. straighL uninterrupted ink lines on the paper congruent with the 
bodvs axis tO). The distance between points of maximal tail displacement 
from the axis was measured and averaged for transplanted and untrans- 
planted mutants and for unaffected controls (hatched, gray arrow). C 
shows data from a poorly engrafted mutant that did not improve with 
respect to tremor whereas D reveals lack of tail displacement in a 
succcssfuUv engrafted, now asymptomatic shi mutant. Overall. 64% of 
transplanted j/it mice examined displayed at least a 50% decrement in the 
dceree of tremor or "shiver.'' Several showed zero displacement (see 
Table 1). 

derived myelin (Fig. 5C) that contrasted dramatically with that 
observed in untransplanted control mutants or even with that in 
uncngrafted areas of successfully transplanted 5/1/ animals (Fig. 
5D) (an internal control for the efficacy of engraftmeni) and that 
coinpared quite favorably with wild-type myelin. Morphomeiric 
analysis of myelinated neuronal processes in engrafted mutants 
confirmed that the periodicity of myelin was significantly closer 
to and the mean thickness of myelin virtually equaled {P > 0.1) 
that of normal controls (Table 1). 

The success =of NSC transplantation in shi ultimately is deter- 
mined by its ability to achieve functional improvement. To this 
end, transplanted mutants as well as unaffected (positive control) 
and untransplanted j/ii (negative control) mice were analyzed (as 
detailed in Materials and Methods) for functionai improvement by 
(i) scored neurologic assessment during free-cage behavior and 
{ii) quantifying the degree of '^shiver" as reflected in the ampli- 
tude of tail tremor. Behavioraliy relevant tremors were decreased 
signiOcantly in a significant number of representative recipient 
mutants (Fig. 6 and Table 1): 60% of tested transplanted mutants 
evinced behavior that approximated normal (Fig. 65), i.e., at- 
tained neurologic scores that both individually and as a group 
mean were staiisiicaliy indistinguishable from normal controls 
(P > 0.1) on the behavioral scale detailed in Materials and 
Methods (Table 1); 64% of transplanted animals showed at least 
a 50% deaemeni in measured tremor, and some engratted 
animals evinced vimiallv no "shiver * (and. hence, essentially no 
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taU displacement) (Fig. 6D). This suggests that the -^/pI^^T^^^ 
ceto" On this case, oligodendiocytes) were integrated mto host 
r>j<; in a funciionallv relevant manner. 

vanaSaitN- in behaviorcl improvement after er^gra^tmen 
does not have a stmple explanation: there did not appear to be a 
correlation between functional improvement and the 
Sie o?5sC Tngraftment or MBP expressioru Etioloa^ of .he 
Sr^B^Dheno^ype, however, is complex and not weU under- 
sjSTvyomau?Sprovement may not be simply a measure 
rheSramountof'ucccssfulmyelination.lnstea^^^^^^^ 
more reflective of successful remyehnation m specific CNb 

SSoiteTe facT that we obtained significant NSC engraftnjent, 

l^Tci'a^'iteSS^^^^ 
NSageneticaUyengjecre^^^^^^^^^^^ 

Te're^nonoS^^^^^^^^^^^^ ceufr^ght have played in effecting 
JepTiJ olTe d'Lvelin'ated shi brain. Neurons and astroq.es 
have been implicated in oligodendrocyte migration and differ- 
^mfatS aSmay influence myelination The extent to which 
k ^.Kpr n^.iral ceU tvoes derived from the same clone of NSCs, 
maJ S Sad^Sr^^^^ improvement might constitute an 
SSS Sumem for the use of multipotent cells rather than 
So e wUh a more restricted fate. Indeed, many diseases-even 
tS dSLfv characterized as purely disorders of white or ^ay 
maneJ-^Jtuailv affect a mixed population of c^U types and 
wodd beS f/om the concurrent replacement of both neuronal 
and glial elemenu. 

Conclusions 

Transplanted NSCs can differentiate into MBP-expressing oU- 
TodenEes throuehout the shi brain, in turn promoting im- 
Soved w^pread remyelination w.,h extensive ameliorat.on 
Seuropatholoav and symptoms. These results suggest that NSCs 
mav be usefuFfor a varietv of diseases characterized by profuse 
white ma terdeeeneration that might benefit from the replace- 
ment of olisodendrogUa. Disordered myelmat.on plays an im- 
Jonant role in manv other senctic and acquired neurodegenera- 
Eo^eslJabroader-sense,wi,hoUgodendrogl.aservmgas 

a mJS neural cells in general and shi serving as a prototype 
o"a broad ranee of maladies character^ed by extensive neural 
cell dvshmction; these results sugg^t 'hat therapeutK cell re- 
Dlacement in a widelv disseminated, even "global, manner is 
?Se when cells with stem-like quaUties are used as gra^t 
mSerial a recognition that broadens the paradigmatic scope of 
neuS tr^splantation. Furthermore, an NSC-based approach 
whether w.th exogenous NSQ or with appropriately mobd^ed 
endoeenous NSQ. may address therapeutic challenges that pre- 
viousW have been inaccessible. Many promismg gerie therapy 
vehicles and biochemical treatment modalities depend on relay- 
IJa "n^- genetic information through "olcr' neural subs rates 
mav, in^fact. have been lost, become dysfunctional, or failed 
10 develop. Reconstinition of aspects of this anatomy may enable 
more sieAificant recoverv. Furthermore, although the abU.ty of 
NSQ Teneraft diffuselv has been exploited for widespread 
Snbution of enzymes (1, 2) and. now. cells, it seems apparent 
that a simto strategy can be used for dissemination of a vanety 
of diffusible (e.E.. neurotrophms. viral vectors) (3^) and nondif- 
hisibie (e o ewracellular main.x) factors for a wide range ot 
therapeutic and research demands. Combined therapies may 
forest all damaae while restoring lost neural elements. NSCs with 
similar proper'ties reccntlv have been generated from human 
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tissue, lavins the sroundxvork for poienti^il treatments of here- 
tofore refractory human diseases (27. 34). The persistence of a 
periventricular ione in the human for prolonged penods po«- 
nataUy suggests that implantation strategies similar to those 
described may be feasible. 
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Engraftable human neural stem cells 
respond to developmental cues, replace 
neurons, and express foreign genes 
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NSC transplantation for a range of disorders. 
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Neural stem cells (NSQ) are primordial, uncommitted cells postu- 
lated to give rise to the array of more specialized cells of the central 
nervous svstem (CNS)' '. They are operationally defined by their 
ability ( U'to differentiate into cells of all neural lineages (i.e.. neu- 
rons— ideallv of multiple subtypes, oligodendrogiia. astroglia) in 
multiple regional and developmental contexts; (2) to self-renew Ito 
=ive rise to new NSCs with similar potential); and (3) to populate 
developing and/or degenerating CNS regions. The demonstration 
of a monoclonal derivation of progeny is obligatoiy to the definition 
(, r a single cell must possess these attributes). With the earliest 
recognition that rodent neural cells with stem cell properties, prop- 
agated in culture, could be reimplanted into mammalian brain 
where thev could reintegrate appropriately and stably e.xpress for- 
eign genes'-", gene therapists and neurobioloeists began to specu- 
late how such a phenomenon might be harnessed for therapeutic 
advantage as well as for understanding developmental mechanisms. 
These.and the studies thev spawned (reviewed in rets. 14-16). pro- 
vided hope that the use of NSCs might circumvent some limitations 
of presently available graft material" and eene transfer vehicles and 
make feasible a variety of therapeutic strategies. 

Neural cells with stem cell properties have been isolated from 
the embrvonic. neonatal, and adult rodent CNS and propagated in 
vitro bv a varietv of equallv effective and sate means— both epige- 
netic (with miioeens such as epidermal growth factor lEGF) or 
basic fibroblast erowth factor |bFGF! or with membrane sub- 
strates") and genetic (with propagating genes ' such as v-myc'" or 
large T-antigen 1 T-.Asl'). -Mainianr :ie NSCs in a proliferative state 
in culture does not subvert their ability to respond to normal 
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developmental cues in vivo following transplantation (such as the 
abilitv to withdraw from the cell cycle, interact with host eel s. and 
differentiate'^). These extremely plastic cells migrate and differen- 
tiate in a temporally and regionally appropriate manner particu- 
larly following implantation into germinal zones. Intermingling 
nondisruptively with endogenous progenitors, responding simi- 
larly to local cues for their phenotypic determination, and appro- 
priately differentiating into diverse neuronal and glial types, they 
participate in normal development along the rodent neuraxis In 
addition, they can express foreign genes in vivo"", often in widely 
disseminated CNS regions^-, and are capable of neural cell 

replacement*. . ^ j u 

The presumption has been that the biology that endows such 
rodent cells with their therapeutic potential is consented in the 
human CNS. If true, then progress toward human applications 
may be accelerated. We demonstrate the potential ot clones ot 
human NSCs to perform these critical functions in vitro and in 
vivo in a manner analogous to their rodent counterparts. 

Results and discussion cr- xv, i 

Isolation, propagation, and cloning of human NSCs. I he isola- 
tion, propagation, characterization, cloning, and transplantation 
of NSCs from the human CNS mirrored strategies used tor the 
murine NSC clone C17.2 (propagated following transduction ot a 
constitutivelv downregulated .-myf^') and for growth tactor- 
expanded murine NSC clones . NSCs-^ven ceneticalW propagat- 
ed clones --require molecules like bFGF and/or EGF m serum- 
free medium to divide--. Therefore, this dual responsiveness was 

W aimuT I AM rtm£ 17 MS. CaO€\ 
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chosen for boih screcninc and enriching a starting population of 
Mable. dissociated, cuhured primary human neural t.ssue lor cells. 
Cells dissociated from human fetal telencephalon-part.cular y the 
ventricular zone, which has been postulated to harbor (m lower 
n ammalsi a rich NSC populat.on -were -«""V grown as a pob-- 
donal population first m serum-supplentented and then m serur.^ 
ee medL containing bFGF and/or EOF. Cells were transterred 
between media conta.mng one or the other of the niuogens to 
select for dual responsiveness. Some populations were then main- 
tained in bFGF alone tor subsequent manipulation and c oning: 
others were used for retrovirally mediated transduction of v-myc 
and subsequent cloning. „ ,k-. 

To provide an unambiguous molecular tag for assessing the 
clonal relationships of the cells, as well as to facilitate identification 
of some cells following transplantation and to assess their capacity 
,0 express exogenous genes in vivo, some bFGF-propagated sub- 
popub.ions were infected with an arrtphotropic repl.cat.on- 
incompetent retroviral vector encoding iacZ (arjd nco (or^^^- 
tionl. Single resistant colonies were m.i.ally isolated by limiting 
dilution. Monoclonalit>- of the cells in a given colony was then con- 
firmed bv demonstrating the presence of only one copy of the 
/.cZAieo-encoding retrovirus, with a unique chromosomal inser- 
tion site. In clone HI. for example, all /«Z/neo-posit>ve cells, had a 
single, common retroviral integration site indicating that they were 
derived from a single infected "parent cell (Fig. lA). 

in rodents, genes (such as v-myc and T-Aj) that interact with cell 
cycle regulatory proteins have been used to propagate NSCs . neur- 
al progenitors^ and neuroblasts'% resulting in engraftable rodent 
NSC clones that can be manipulated and have therapeutic poten- 
tial" Therefore, some of the bFGF-maintained human cell popula- 
tions, enriched for NSCs. were infected with an amphotropic repli- 
cation-incompetent retroviral vector encoding v-mj-c and necr 
yielding multiple colonies. All of the putative clones had only one 
unique retroviral insertion site, demonstrating their monodonal.ty 
(Fi- IB). Five clones (H6. H9. DIO. C2. and Ell) were generated 
and maintained in serum-free medium containing bFGF. • 

Multipotencv and self-renewal in vitro. In uncoated dishes and 
in serum free medium supplemented with bFGF. all clones grew in 
culture as clusters that could be passaged weekly for at least 1 year 
(Fic M). The cells within these clusters expressed v.memin. a 
neural progenitor marker By dissociating these clusters and plat- 
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Figure V Southern blot analysis of retroviral insertion h"-!"^" 
NSC clones. (A) Genomic DNA Irom clone HI (propagated .n bFGF 
ar,d transduced with a retrovirus encoding lacZ and neo digested 
with Hind III (cuts once within the provirus) 

radiolabeled reo probe. The murine NSC clone C17.2 contains two 
integrated proviruses encoding neo^. DaOY is an 
meduloblastoma cell line. (B) Genomic DNA trom clones "9- 
and C2 (propagated in bFGF and/or EGF '"'^'i*^^ "'^uis 

retrovirus encoding v-myc) were digested with Bglll or BamHI (cuts 
once within the provirus) and probed for v-myc. CI 7.2 contains one 



inc them in serum-containing medium, these clones d.fferentinted 
spontaneously into neurons and oligodendrocytes 
C) After 5 davs under these differentiating conditions. 90% ot he 
cells in all clones became immunoreactivc for the neuronal inarker 
neurofilament (NF; Fig. 2B); \0% expressed CNPase. a niarker lor 
olieodendroelia (Fic 2C). Mature astroglia containing glial fibril- 
lar;- acidic protein (GFAP) were not initially observed, even alter I 
month under these culture conditions. However. GFAP production 
could be induced bv coculture with primary dissociated embryon- 
ic murine CNS tissue (Fig. 2D). In addition to cells expressing the 
variety of differentiated lineage-specific marKers (establishing 
"multipotencv"). each clone gave rise to new immature vimentm- 
positive cells (Fic. 2E). which could, upon subsequent passage, give 
rise to new cells^exprcssing multiple differentiated neural markers 
as well as to new vimentin-positive passageable cells (i.e.. selt- 
renewabilit>-"). All the clones, whether genetically modified or epi- 
ceneticallv maintained, were similar in vitro. 

AbUit>' to cross-correct a genetic defect. To assess their poten- 
tial as vehicles for molecular therapies, we compared the ability ot 
human NSCs to complement a prototypical genetic defect to 
murine ^'SCs^ The neurogenetic defect chosen was in the a-sub- 
unit of p-hexosaminidase. a mutation that l"<ls 'o f""* 
osaminidase-A deficiency and a failure to metaboliie CM., gan- 
glioside to GM. (Tay-Sachs disease |TSD1). Pathologic GM, accu- 
mulation in the brain leads to progressive neurodegeneration^ The 
ability of human NSCs to cross-correct was compared with that ot 
two established murine NSC clones: C17.2 and a subclone of 
C17 2 (C17.2H) eneineered via retroviral transduciion of the 
human a-subunit gene to overexpress hexosaminidase". These 
murine NSC clones secrete functional hexosaminidase-A . A 
transgenic mouse with an a-subunit deletion" permitted exami- 
natio'n of the ability of human NSCs to secrete a gene produc 
capable of rescuing TSD neural cells. NSCs (murine and huinan) 
were cocultured with dissociated TSD mouse brain cells fron, 
which thev were separated by a porous membrane thai allowed 
passage of hexosaminidase but not cells. After 10 days, the mutant 
neural cells were examined: ( I ) for the presence ofhexosaminidase 
activity (Fie. 3A-C. and M); (2) with antibodies to the a-suburi.t 
and to CNS cell type markers to determine which TSD 
internalized cor;ective gene product (Fig. 3D-L); and (3) lor 
reduction in GM. storage (Fig. 3N). While there w" /"'"'"l*' 
intrinsic hexosaminidase activity in TSD cells cultured alone (Fig. 
3A), hexosaminidase activity increased to normal 
the cells were cocultured with murine or human NSCs (Hg. 
and C). The extent of human NSC-mediated cross-correction 
matched the success of murine NSCs. yielding percentages of hex- 
osammidase-positive TSD cells significantly greater than in 
umreated controls (p<0.01) (Fig. 3M). All neural cell types from 
the TSD mouse brain were corrected (Figs. 3D-L). The percentage 
of TSD CNS cells without abnormal GM, accumulation was sig- 
nificantly lower in those exposed to secretory products from 
human NSCs than in untreated TSD cuhures (p<0.01 ). approach- 
ing those from wild-tvpe mouse brain (Fig. 3N ). 

'MultipotencN- and plasticity in vivo. We next determined 
whether human NSC clones (whether epigenetically or geneticallv 
Propaeated) could respond appropriately to normal developmental 
cues in vivo, which include migrating appropriately: integrating 
into host parenchyma: and differentiating into neural cell tvpes 
appropriate to a even region s stage of development, even it that 
staee is not the one m which the NSCs were obtained.^Althoupn 
there are many approaches for testing these qualities" . we used 
paradicms similar to those we have used with murine NbCs to 
assess Iheir developmental ability. When murine NSC clones arc 
implanted into the cerebral ventricles of newborn mice, the cells 
encran in the subventricular germinal zone (SVZ) ' and follow the 
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established pathways used by endogenous proiienitors, cither 
migratinu along iheVosiral migratory sueam ( RMS) to the oltacio- 
ry bulb lOB). becoming neurons", or migrating into subcortical 
and cortical regions (where gliogencsis predominates and neuroge- 
nesis has ceased) becoming^oligodendroglia and astroglia ". When 
transplanted into the germinal zone ot the neonatal mouse cerebel- 
lum (the external germinal layer 1EGL| i. these same NSCs migrate 
inward and differentiate into granule neurons in the emerging 
internal granule cell laver (IGL)'". Following intraventricular 
implantation, human NSC clones emulated the developmentaily 
appropriate behavior of their murine counterparts I Fig. 4 and d). 
The engrahment. migration, and differentiation of epigeneiically 
perpetrated clones were identical to that of v-myc perpetuated 
clones. Three of the five v-myc clones engrafted well (Table I). 
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Figure 2. Characterization of human NSCs in vitro. (A) NSCs grown m 
serum-free medium. Immunostaining for (B) the neuronal marker 
neurofilament or (C) the oligodendrogtia marker CNPase in serum- 
containing medium. (D) Immunostaining lor the astrocyte marker 
human GFAP upon coculture vtiXh primary murine CNS cultures. (E) 
Immunostaining for the immature neural marker vimentin at transfer 
to serum-containing medium. 
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Figure 3 Dissociated brain cells from mice with mutated a-subunit of 
Q-hexosaminidase (Tay-Sachs disease) cocultured with human 
NSCs. (A-^) Hexosaminidase activity determined by NASBG 
histochemistry. (A) TSD neural cells (arrows) not exposed to NSCs. 
TSD cells exposed to secretory products trom (B) murine NSC clone 
C17 2H or from (C) human NSCs. (D-L) TSD cells cocultured with 
human NSCs immunostained with a (D-R tluorescem-labeled 
antibody to the human a-subunit ol B-hexosaminidase and (G-1) with 
antibodies to neural cell type-specific antigens. (G) Neuronal- 
specific NeuN marker. (H) glial specilic GFAP marker and (I) 
precursor maker, nestin. (J-L) Dual filter microscopy of the o-subumt 
and cell-type markers. (M) Percentage ot B-hexosaminidase positive 
TSD celts- -/-: TSD a-subunit-null cells; TSD cells exposed to 
secretory products from C17.2+ murme NSCs: C17.2H+: murine NSC 
engineered to overexpress murine hexosaminidase; +human: human 
NSCs. (N) GM, accumulation in TSD cells; labels as in (M); +/+: wild- 
type mouse brain. 



Figure 4. Migration of human NSCs following engrattment into the 
SVZ of newborn mice. (A.B) Human NSCs 24 h after transplantation^ 
(A) Donor-derived cell (red) interspersed with (B) densely packed 
endogenous SVZ cells, visualized by DAPI (blue) in the merged 
image. (C) Donor-derived cells (red) within the subcortical white 
matter (arrow) and corpus callosum (c) and their site of implantation 
in the lateral venticles (LV). Arrow indicates the cell shown at higher 
magnification within the inset. (D) Donor-derived cell migration from 
the SVZ into the rostral migratory stream (RMS) leading to the 
olfactory bulb (OB), in a cresyl-violet counterstained parasagittal 
section; gl: glomerular layer: pt: plexiform layer m: mitral layer; gr: 
aranular layer. Scale bars: 100 pm. (E) Higher magnification o< 
indicated by the arrow tn (D). Brown staining indicates BrDU- 
immunoperoxidase-positive donor-derived cells. 
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Figure 5. Characterization of human NSC clones in vivo 
lotlowing engrattment into SVZ of neonatal mice. (A-C) 
LacZ-cxpressing donor-derived cells from .human NSC 
clone HI detected with (A,B) Xgal and v«th (C) anU-p- 
galactosidase within (A) the periventricular and subcortical 
white matter regions and {B,C) OB granule layer. The arrows 
in (A) indicate the lateral ventricles. (D-G) BnJU-labeled 
NSCs (clone H6) implanted into the SVZ at birth identified in 
the OB with a (D) human-specific NF antibody and by (E-G) 
BrdU ICC via confocal microscopy. (E) BrdU-positive cell 
visualized by fluorescein; (F) anti-NeuN* antibody 
visualized by Texas Red; (G) same cell visualized by dual 
filter. Donor-derived clone H6 in the adult subcortical white 
matter double-labeled with (H) an oligodendrocyte -spec Hie 
antibody to CNPase and (I) BrdU. The arrowhead in {H) 
indicates a cytoplasmic process extending from the soma. 
(J) Donor-derived astrocytes (clone H6) in the adult 
subcortical white matter (indicated by the arrow) and 
striatum following neonatal intraventricular implantation, 
immunostained with a human astrocyte- specif ic anti-GFAP 
antibody. Inset is higher magnHication. (K-Q) Expression of 
v-myc by human NSC clone H6 (K-N) 24 hours and (O-O) 3 
weeks following engrattment in the SVZ. (K.M.O) DAPt 
nuclear stains of the adjacent panels (UN.P). 
immunostained for v-myc and (0) immunostained for BrdU- 
positive donor-derived cells. (Q) is same as (P). Scale bars: 
lA and K\: 100 um: (D and E): 10 pm; (O): 50 pm. 



Human NSCs integrated into the SVZ within 48 h following 
implantation (Fies-^A and B. 5K-K). As with endogenous SVZ 
proeenitors, eneratted human NSCs migrated out along the sub- 
cortical white matter bv 2 weeks following engrafiment (Fig. 4C), 
and, bv 3-5 weeks had appropriately differentiated mto ohgoden- 
drocvtes and astrocytes (Fig. SA and H-I). The ready detection of 
donor-derived astrocytes in vivo (Fig. 51) contrasts with the initial 
absence of mature astrocytes when human NSC clones were main- 
tained in vitro in isolation from the in vivo environment (Fig. 2D). 
Signals emanating from other components of the murine CNS 
appear necessary for promoting astrocyte differentiation and/or 
maturation from multipoteni cells. 

Endogenous SVZ progenitors also migrate anteriorly along the 
RMS and differentiate into OB intcrneurons'\ By 1 week following 
transplantation, a subpopulation of donor-derived human ceils 
from the SVZ migrated along the RMS (Fig. 4D and E). In some 
cases, these cells migrated together in small groups (Fig. 4E), a 




Figure 6. Transplantation of human NSCs into granule neuron- 
deficient cerebellum. (A-G) Donor-derived cells (clone H6) identified 
in the mature cerebellum by anti-BrDU immunoperoxidase 
cytochemistry (brown nuclei) following implantation into and 
migration from the neonatal mea ECU (A) The internal granule cell 
layer (IGL and arrowheads) within the parasagittal section of the 
cerebellum. (B) Higher magnification of the posterior lobe mdicated 
by "b" in (A). (C-G) Increasing magnifications ol donor-derived cells 
within the IGL of a mea antenor lobe (different animal from JA.B]). (G) 
Normarski optics: residual host granule neurons indicated by 
arrowheads, representative BrDU positive donor-derived neuron 
indicated by the arrow. (H) Colabeling with anti-BrDU (green) and (I) 
NeuN (red) indicated with arrows. Arrowhead indicates 
BrDU+/NeuN- cell. (J) Fluorescent in situ hybridization of cells within 
the IGL using a human-specific probe (red). Scale bars: (A and B): 
100 pm: (F. G. and J): 10 pm. 
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behavior typ.cal of endogenous -'^J^^pJ^' ^nL" 
weeks were present 

derived neurons (h"-"""- P""^'' intermmgled with host neurons 

(F.g 5B-G). Not only ^^^^ qB ^^^^ led 

positive (F.g. 5D . but. prelabeled donor- 

with both an -"b^^y^-^^^^^^^^ neuronal 

derived human cells) and with '"/""^^ ■ , ^ BrDU+/NeuN+ 

mouse cerebella appropriately yie. granule cells in the 

in this different location, primarily cerebellar granule 
IGL IFig. 6A-1). detailed below engraftable human 

Therefore, in -^^^-'-J/inSee ^ neural lin- 

NSC clones Sav;r.se to cell m a ^^r^ 5H and 

eases: neurons f J,"** 2° ^ transplanted brains look 
I), and astrocytes 8- ^,„,ed and integrated seam- 
histologically normal ^'^'discernible graft margins). 

::s"t1Tu^^^^^^^ 

human NSCs appeared to have developc normaU^ 

poorly (Table I). Nevcnncic robustly 
engrafting clones, ^hus. o ens b ^ 9 .j^i 

s™,„.,.d location,- im =^-;!;°"J,.„^ ^^^^ J, 
»"'"''''™'r "",1,,, down,«»b..on of .-».« .xpr«- 



u- ia_4« h Dosttransplantation. These observations suggest 
durmg mitotic arrest . . j^j^s following transplantationis 

Murine NSCs are capaoic ui romparabW 
cerebellar granule neurons (F g^6E-G).«^ ^ ^^^^^ 
NeuN (Fig. 6H and I); as m the OB. '"dog^no ^^^^^^ 

While many gene therapy vemciesu y -,^uits— that mav. in 

reconst.tu- 

b'e isolated from human ^^^^;;f^lZ^^^^^ 
lower mammals-, vouchsat.ng conserva on o, ^ ^ ^ 

including other human-derived ne ^ cd^^^^^ Jo^o ^.^^^ g^ 

clones described here ^"^^.f "^/^^^^""scs from other human 
that invesugators may read.lv ^^^^^-^^ j ^tic and 

material via a variety o. equallv sa.e ^"^^ e"«J^J^ J comparable 
gcne,.c means. That the methods ^^^^^^ 

and itsapphcjuons. 



FxDerimental protocol 

cr * culture A suspension ot 
M..n.cn.n« .nd propagator. °'.''"7;" ^^^^^'.^....Uv prepared and s.a- 
pnr^arvd.ssocu.cd n.ura, cells 10 ^^"'^.i.J.phalon o.' a 15- 

blv cuUured .rem -he pcr.ven.r.c.Ur dlh« .Corn.ne. 

week human .cus" was pU.ed on .nuoa. d ""^ f Dulbeccos Modif.ed 
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a^vs Cell a«rc«.« wee dissociated in .rypsin-EDTA tO OS*' ^h'" >'« 

Different.atingtulluretond.l.ons. D'«oc.ated NSCswc^c pla.eoo p 
• Ivsire (PLL)-eoa.ed .lides (Nunc. Naperv.lle. ID m DMEM 10% fcial 
hi ne s rum (FDS) and processed weekly for .mmunocy,ochem,..ry <.CC). 
rls' scT/d ffe cmiaLoccurred sponuneo^ 

ir clones were cocul.ured wi,h pr.mary d.ssoc.a.ed embryor,.c CD-l 
Tc7rov!!lmedia.edgene.r,nsfer.Two,er,o»opicrepl.cano^ 

,em rcTrov^al vecors were used .o .nfec, human NSCs. A vector encoding 
tern retrovira veco xenotropic envelope. An 

lacZ was s.m.lar .o »^^.""j;'°;;.„era.edusin8 .he eco.ropic vector 
amphotropKvec.orencod.n5 v.rm^wa gene ^ ,oi„f„nhcCP * 

described for generatme murine NSC clone CI /^-^^^^^ ^^^^^^ 

rc^^;^b?ra^nrES:^^^^^^^^^^^^^ 

vector '^>' ^^^^^^^^^ to . cell/.S ,1 and 

Ooningof human NSO Cel swer^^^^^ ^.^^ ^. ^^^^^ ^^^^ 

plated at I pl/well of a ° ^^J^'^f^, , „p,„d«j ,nd maimamed in 

bFCF-contammg gr ^.^^ blot analysts 

tytng a single and .den. calgeno ^ ^„ 

rsc?ed"?L"^^^^^^^^^^^ 
;"CTp1aJrobe.o'he^coscquenceof.helacZ.encod.ngvec.orwasg^ 

3ted by PCR using -P dCTP. .^suspended in a freezing 

, ,„j ri7 ■>H (ref 22) were maintained in similar 

murine NSC clones C17.2 ^U -H re.^.^ .ocuUured in a tran- 

tpT Nsi (murin'^^^^^^^^ were cultured on one side of a membrane 
type. NSCS imurine hexosaminidase but not 

;tVh::eX e wtrmlern a^elfa. .he bo..om of which rented 
tells). The rneiT^bran „ammed tor hexosaminidase 

rcduciion in GM. storacc. Hexosaminidase " acc!vl-B-l>- 

plucuronis.de (N ASBG) . «'» ' ^. ji„o„3,ed „,|d-tvpc mouse 

br;r :e\Tar;; -livrc^lrr:;-^ .n.ens..v „f normal s.a.n.ng 
brain cells scr as K (_100%). Neural cell types were 

S ernber2 Monoclonals. Bal.imore. MD); and for imma.ure und.fferent.a.. 
?;re^.ors.nes..nn:_^ 

rnJcinc amibodies .o assess which TSD CNS cell .ypes had in.ernalued 
cnzvL from human NSCs. Inuacvoplasm.c GM. was recoen.zed bv a spe- 

^"Tra:spranU..on. fo, some models, each -'-'V-^-T;," 
u / on.t .1 dav U (PO) mice was in.ccied as described w,ih 2 \x\ ol 
1;^;;; m%:;:ha,e buffed s.,ne .PBS, - cc'ls/t... Fo. 
n.'Z. models ^ ul of ihc NSC suspension were implan.ed in.o .he EGL of 
c cTrebir-h .^ sphe« and .he verm.s as dcscr.hcd'. All .ransplan. 
opien s and un.ronspian.ed con.rols received dailv cvclospot.n 10 me/k, 

i" .r..^cr„onc..lv .S.ndo. Eos, Ha er. Nl, t^^S^'-""^;; «^^^ 

■.ra.npi-.ni COl and -mrt mouse colonics are ma.n..-...u-d ,n i.ur lab. 

. c".on and charac.en.a..on of donor human NSCs i- ^J 
,ran..Mamed mice were iWd and crvosec.....,ed as dcscr.hed a. serul ..me 
. P:. a..d weekh- .h.oueh 3 weeks o, aec. Pr.o. .o .ransplan.....on 

il,:,.. we. .ransd..ee.l wi.h ... c. ol .... an c.rcumve, 

liK- „sk .,1 ......seene Jnwnreeu......... eel. we.e als.. prek-belcd ' - 

v..ro exposure .o lUUU .:u pM: 4S h p,...r ,o .ransp.an.a.ion, andn. -.h 
„... j.,v„,i„u. .....1 .luoresccn. men.iuane dve I'Kll-^ . ....nu-a.a.eh 



prior to .ransplam3.ion as per Sigma P--°'\5f ^r^ h,S es 

deieced. as appropriate, by Xeal his.ochem.s.ry ; by 'JC w'>h »n''^''^^» 
a«a,ns. (J.galac.osidase ' (1:1000. XXX. '^"Z^'^- '^.^ • ""'^^h^ 
B^hrincer. Indianapolis. IN), human-specif.c ' ' 'f ""''^^iS 
and/or human..spec..-.c GFAP (1:200; Sternberger 
usine a di^oxiecnin-labeled probe complementary .o 
.romere present uniquely and spec.fically on all human chromo^^^^^ 
,Oncor.Gai,hersburg. MD); and/or by PKH-26 

Texas Red ITRl filter), wi.h r,ondiffusibili.y having been verified for NSO. 
S vpe lilmltv of <ionor.der.xd cells was also es.ab.ished » "ece^y bv 
dual staining with antibodies ,o neural cell type-specific marVer am^^^NF 
(,;250; S.ernbe,ger. and anti-NeuN (1:20) ,o f "'l^^ 
(1-20(^-1:500) to identify oligodendrocytes; and ant.-CFAP ( 1.150) .o KJen,, 
f^ a^cytes. Immunosta.ning used standard procedures and a TR-comu 
eated secondarv amibody (1:200; Vector. Burl.ngar^e CA). 
mmunc^rc^ivity to human-speciHc antibodies 

dures and a flooresce.n-conjuga.ed antimouse IgG """^f"" *" "^^^ 
?W00- Vector) To reveal BrDU-intercala.ed cells, ttssue sections were first 
k'.,H HCl ore for 30 min). washed twice in 0.1 M sodium 

Ta^e buff" , pH 8.3 ) vJaThed thr.ce in PBS. and permeab.li^^ 

Probe was then added to the sections, which were coverslipped, denatured 
FroDc was men auu . / , c u ^tT ^ and washed (per manufactur- 

nnnTfor I0min).hvbrid»zcd(15hat37'(-).anawasncu VF 

r^otin^^^^ 

bodv IBoehrineer) diluted 1:5 in 0.5% bovine serum albumin + 5% nornial 
hun^an «rum!n PBS. For some donor cells, multiple detection techniques 
were performed. 
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Site-Soecific Migration and Neuronal Differentiation of Human 
NeurarProgenrt?r Cells after Transplantation in the Adult Rat Brain 

Ro— mary A. Frlck*r.'.» Me|I»»* K. C»rv«ntor.*- Chrtrtlan Wlnkl.r/ Corinno ar«co,» MontO A. Oat**.-^ and 
Andara B|Orklund' 

n ^M-,^ j>^i».m<r/a/<ca Contar DMsksn of NBumbtoksgy, Lund University. S-223 Luna. S>««cten. 'O^panment of 

%f!^3wna02B6S. and -Geran CorporDtion, M«n/o Park, C^/c^Je 94025 



Nourtti pr«o«niior c»ll« obt»u\«d from th« ombfyonio Mjmnn 
forooroiP QKpandad up to lO'-fold m cuiof* in tho pr»a- 
«nc* or epWiormBt growth factor. b«»Ic <lbrobl«t growth foctor. 
ana leukamlo (nntDttory growin lector. Wn*A trtAapi*ntod Inio 
ruiwrogonic roflion* In tno fl«JaH rvX t>r«*ln. the «ubv«ntiicutaf 
iono iMxd nIppcxsampuB. th« *o Wfro propagfii-c* c«tl5 mtaratod 
.p«cmc*ily *tc»no t^- routa* normally Ulcwn by tho ondoQonous 
n*uftanol prAcur^om: afono ^ n?>«ml migratory »tr*&m tft tft* 
olfactory bulb ond wttWn tho eubo^anular zona m Ih* d»ntoio 
oyfvs *nd «xWblwd «ha-«p«ciflc nouronaJ flrtrorontiation In the 
rnr^lxixf end p*r(glom*niIiir Uy-rti of th- bulb and *n tn# d«fv. 
tato aronuUir coll l«ye< -Hi- oftJU oWhIbltod oubftlantJal mtgri^tlpn 
aUo whhin mo non-nourogonic rogton. the airtAium, irt a aoom- 



Ingly nonClr*ct«d monnor up to --l-I.B mm from tho O'fcTl cor*, 
and Ahowed dHT«r«ntl«tIon Into both nouronal and glial phano- 
typaa. Oniy calla with gHel'tl^o footuraa mJgr*tad ov*r long or 
cUaiBnc«« within tha matura atrtalum. wvhenftaa the coJIa ox- 
praaaioQ n^unonol phooatypea remathed cioao to iho Implania- 
tian «tta. The abllUy of tho human nauraf proganltora to raspond 
(n v/vo to guJdnncs cuaa and algpal^ xhot can diract thalf 
dllTorontlatlon along muhlpte phanotypic pothwaya augga^ts 
that thwy con provide a powerful and virtually uniimnad source 
of Colla for •xpoiifTtantAl and clinical transplantation. 

K^y wordx: prwganitor cefts: humBn: tmraptmnJat/on; naomn; 
sub^mntrfcular zone; dent^ra ay/t/»: striatum 



The limiictl capacity f«»«" Mrucrural repair In thc mflmmaliaA brain 
\% in part explained by ihe inubil«y of ilic mature CN*^ lO B^O^^**'* 
u«w c<IUilf^ «lcm«ftl* la rc^poAx; lo Oomocc Cell tmuftpUntation 
o((cr« n potatbilily lO dreomvonl UiU limltaUofU Doih r^onl and 
primafo <xp<rtmooi* «how thai ncurobluri« a^d yourtc po-imiioilc 
ncufoni obtaiiiod from dcflfied port* of tho ncuraxU durins 
development can aurvivc. mature, oiid i;jow c^iciwivc functional 
axoniil ciTiincctioni af\cT Uimt plantation to b^'nin-domag^ rcclp- 
l«r,i». and boih »|fWVri*Uy •nU functltonuily tcplac« lo»t ft«urOft< 
In the cnaiuto brain (for review, >ee Ov*nnClC OAd fi|OrWlund, 
IVV4). llccauie or the llmUcd tnigr»iory capacity of »Hc dlfl"<rcn- 
' liatoU celU. however.- th«>4 iyp<ti of ImpUnU arc unablo to Into- 
graia Into the cellular arcKllecture of «bc hO#l. 

(Previous studies havv •(•own thai lv»» dlIf«romIoled precursor 
ccIIj. fokcn at prccnigr*lor>* 9tasc# of iwiixoiial development, caa 
make una of available iub^lraioa of pathways for miffratJoo. mix 
wUh ei\<J05eT*0«# puoU of precur»or», and participate In onEO*n& 
neurogenesis, both during dovalop'nont (McConnclU iffiB; CaO 
4nd 1 fatten. 199*; ZIgovo el nU 1996) and !n ertam of tho oiet^re 
breln, the untCflOf «Utv©Mf ;culaT fcOno (SVZ.o), and the bip- 



VU. .»M<iy -^ppoct^d tK« W«lloc« 'l^.f. «h« s-«^UK M-e^-J *»fl-Y?* 
C*r«iKn iW w.»w^r o*** r*-*<l-iK-%. ••a Cr<«t'^*P*'^'^ tn* W« tb»ok A>a 

Huvhk..ui.Cv^«il»« QKw9«t. Allele K(**oH.BIfdt nAfi40-w*,i*aalUf J—i— «,VnJ» 
Ji^L A/in« >C*f»n OlOca. l*^y J»vina«a. .ml 0««*w<»a f cr4^b«K ter c«c«llc^t 
t<vh»K«1 •^l.i.ttco; »«1 Joa Hamma'Mt u-«f»I UrM».^n asd coouncort ee ttrf» 

••^ OARrroa *oo»H»ey \ ttn oom r*-i c^^««««^. 

C«»f r<-r^*»«*4-a a* a*oia^-*a i** Dr. R.w..»^ tVv^r. 0-r»rtwi»ol «r 

K.,.,*..V. Ol-:.U.« OC K*-««i«c^. MTv«^ S^f^K €i«0«« l»«*ia- 

CWiVJr^--, H«^lU. »U 1_^«*W^ /Wvo.^. fWl^. MA Oil U. 



pocon»pui dcntote gynj«, whoro novro&enevli coniinuca Into 
udutlhood (L*ol* and /VIvnrcx^uyllB, 1993; VIcarlo-Abejon at al.. 
1995). KlroUarly, mixed prflCii/«of cotl populotloni, injected 
ur«/x> Into the d«velopln£ forcbraJiv Integrate across the vcntrlc* 
ular wall juid u-ndcrgo altoH^peciac ulgratit^i and ncutonal dUTc/* 
cntledon la wideapread bmin roglooa (BrOnl« et aL. 1995; Camp- 
bell at 1995; FUhcll. 1995). aucgcetlng ihat undbTcreotiaicd 
pro^enlloni may be ms* {ntot^uilnB aource of cells for lntmcercbr((l 
transplontotion. 

RcJsentty. dcut al progcyiUoni with Uio capacity to ^Svo riao to all 
major coU type* of the mamre CNS liava beeo Uolated ffOrti the 
developing or aduli CMS (WoIm et aJ., 1996b: Alvercx-Buylla. 
1997; LuakJn ct al.. 1997: Ray et ai^ 1997), They become more 
xcmtrictad in nu^bor during d<ri^lopmoat and remain am « »o>aJI. 
relatively qulcuKent popuUtlon of dividing call* in thc tfubvcn* 
trlcular regfonx of the adult CNS. Thaaa neural progonhor? can 
bo grown tr% vitro In tho preiusncc of either epidermal growth 
fwctor (EOF) or baalcfibrobla«t gfowiH f»cior (bFGF, FOF-2), u 
a population of contitiuou*ly dfvldUg progeollora capable of 
dttCarentletieg Into both ncuroni and gUa (Mutpfiy ci aU 19 90; 
Reynold* and WeUt, IWla.b. 1996; lUehnjd* ct al.. 1992: Ray ei 
aL, 1993: VoBcovl cf ml^ 1993; 5en»enbrennor et al„ 1994; Falracr 
el'aL, 3995). CcUj tvoUtod from th« ri^t bippocamput In the 
prcMonca of bFGF havo boon ahown to oxprcaa reglon'Ppeclfic 
mlgfaUon and neuronal dilTefcArUtlon after tram plantation to 
tho adult xal ibrain <Oage at aL» 1995: Suhonon at al., 1996). 
Embryonic tnouKC or fat forcbraln prottcoitora cMpandod la the 
pretence of liOF. by CoaUasl, develop into pfedomlDantly glial 
phenOlypc* in vivo, ai obaerved after transplantation lO the odult 
rmi aplnul cord (H-immang oi aJ., 1997) or the dbvolopfng rai 
forabrain (WinklcT et «U 1998), 



Here -^c h-vc examined ihc qu<*lion of whether progcnuor* 

i.AlotcJ from the de^^lftpJng hUmliA CNS e»n «*liibJl .« 
ncuiogcnlc proper tic* after impUniolioj* Into the brA.n of .dull 
recipient.- Cell. obiolncO rrom U>o lorebtiJn of 6^. to U-wetk^ld 
liuxuan rclu3ca were ranintaincd ui conlmU<>u«ly dividing cuJlurc* 
in the rte^nce cf EOF. bFCF. «md leukcmU Inhibitory crowih 
f«lor (UIO. CclU expanded 10**10 VoW Jn cutw« (over 9-21 
phM«sc«) •xirvivcd w^n after trj»n<pUnl»tioa to both neurogenic 
•ltd noii-noUfORcoic aiic*: celU contained wlihln ihr^ crafts 
sKuwcU lOiKfaliun. intccration. anU .ilMpccific milcranlUUon 
Into both neuruny pn4 S^^*' 

MAYEf^tALS AMC> MiCTHODfi 

C*««Mn«rt •'W is viiro <**/f4-'- tkfhumMn ^roKMtcr C-A«r«lon o( 
ine ^urv.« pro^^nUof ecu Una* b«« bccA described pr^^w^iy (C^O^J 
1^ -l^ )9y^). CmbfrOolCbrtU w** otk<»Jftod CrOm one "J*«f 

•nd ^ -cek embryo (pu.t^**«<eptiJA) yfid«r compU.nee r*"},^"* 

•nd ltd k>cal cibica committee, and appropriate coiueni /ormx wttrc u*ed. 
T»»« r.OM the for,^fA(a di^creJ In ♦tcrlle «.Ut0c *nd lr«n«Cctred 
CO N2 medium, a defined DMEM/n2^«ica medium <Ufc Tc^nolo. 

Or«ud Ulund, NY) coniwnlns 0.6* plueoMi. 03 MCA»f buman 
Iruulln. 100 »^/ml hufM tTmiufcrrin, 20 nM procesierona, 6ti ^ po- 
tf ucin*. DO lu- ..laMure chlorlda. 2 hm glot«mla-. ) mM »o4{wii blw- 
rvA,%.ie, UX^*eS.i^nd J ntf/od heparin (SIftW*, SC. LOwJi. MO). The 

ituu* w». (UMOcUtcd uilfl« • •i»m|*id ftk*** homocenircr. itnd the 
<,|**<«a^Ud <-lu werr: »tt7-o on v-^«<^UO plwiUC TO lUik. In Ni 
dium .ont.tniar' hunua EOF (liEOF, 20 nt/mJ: Ufa T^AOloaf**). 
hurunn b«lc rCF (hbPOF, 20 nc/ial: Ufa T*ehrvoU»a*—), «^ .'^^"•J 
UF (hLIF) (10 ni/Al, R+D SyAiacu, U*C). * dcxwily of — lOO.OOQ 
calliAul. , .V J 

Tna ealU ^t<-* «ji fr*fr-flAftt(BB eiu^t^r* ("nwrTOpbcrei ). *i»d w«ro 
pravaaUd frum ftttacKmaat by «*ntly ka^fcCbiAx iho OaAkj e»ci* d*y. Aj»y 
e«lU th-l .*3K.f-J l%% tK« ^laaitC -nd b«(«n t^ e>tt«nd pruecMca w«r«s »©» 
r^«cw«d by p^orodur. «nd III ore fore were not efttrkd throuph lO tbc 
ne«t p«M«(C. The .phcr*yi w«re p.«..Hcd »«eh«nlc«d <ll"<>^*'«« 
tfvcry ^-10 J fciid ftAecded »Jrtcl« c«lt» «t « d*ffwity of —100.000 
cclU'Md. The e«II« o"ed Tot ir»n»pl*ni*iiU>o C«b<t rf.5Pftr •od yirlV C^l- 
twre*) b*0 been expanded over 1>-21 p»M«c«i, ^h/ch corr^Bpond* to a 
umU IneresAC In eel) DufSOCrv Of — »0» wt V pw»«C« to ftt W*»t lO' at 21 
p*Mi«K«> (C*rp«nt«r ot mX^ SV^). 

Xrff >WMr •n*»/*H7^j ^^/«r/.f« /-r |ivfup£a/W>«rtoft. To coabic 

the detection *»f lK» e^lU A» »«Vo, «%«Uwrw worn labeled wl*b X 
LftMioU«*vywrlJti»« (BnJU). whieh MJU^d to iKa ei.tiur« medium ^» 
hr b«IOir pTcr-«rM»oa of I ho eeU* for if wAaplantatloA. Thit rc«uli<^d In 
— KO^ UbvUn^ cmeicncy, wllft no •p|«*i«»ki »iS-"5o» l« srvwch r*«e of tho 
«phcre«. 

CcIIp w«rc Ifcken for tru«-fvl»>*l«(iOn J-5 d -Oor lh» U#l pa««aA« a* 
■ mail «pr>cre« ot 3-3 n cdU. Tho sphere.* ^tc colteercd by c^nlHf ugodon 
mx lOOO for 3 min aiid ro<w«pendcd lo I ml DhiHM/t'U To 
cKod* ih« ccU vUblUiy. ao aUquol of ihe sphere siA^p^f^^lon rccnPred 
ft/Ml n>u«d <«-iih trypan bh»«. Attar thU w** a#<«n«ln€d, a ftooond roll 
rount perforutc^ ^ Ulr»r«*t-H Iryp*" iJIquol lO jlvQ ttn^lo 

aalU. Th« •pb<r» fwpen«)en w«i eontrtf uc«d a »acoiid tima and raiut- 
vended In a ^miJIar vvtumo lo ghra Dm oqvlvalant of -100.000 •^U/^. 

rtmnjpUfst^Hon. Adult fom»la :;pfacw« U»w|cy ral« fBAK Unlv^r.*!, 
StockUoInu SvrcdcA), waUblnM — SiO ibo boftiwdnK of Iho «tudy. 

w«<« «*««d,Thcy w<r« Cafvd In froupa of Iwo and oafnUlned on a 12 Kr 
ti(ht/darV cyvio wUh comtant icmperatore ar»d Kucaldltf, w(ih AfOtrum 
CiM>d and wMar. Tbo antmaJi were lmm«no<uppre»«ed ibrows^toul ihc 
cBpcrtcDoni Xff «Ja|ly WocUont of |0 ro^/ky CfcloKporfn. beglnninB I d 
before ira«»pUo<aik>n. ^ . , j 

SlcrcoUcic «ur|icry w%a perfonocd uruJar deep oquUncala ane«thctt« 
O ml/Vc booy wet|:bt. I.p.). ft*U received I ^1 m\1 CDapenAlon bUatetaJly 
<n tiilhar (h« NV^». rei#tr»l ttitrmtory .(raam (KMS), or hlppocmmpup, or 
2 iJ la th« Mrlaiufo, aceordlnp to \h« (vllo^rlny eoordinaleki SVXa. 

•mertor (A) - - 1.6. laieral (U) =1 J, ventral (V) 4^: RM5. A - 

*3 7. U - =1.3 V — -3.Q: hlppoc»mpaA. A ^ —3.6. L. CXO. V — 

-3!o -it; *(i**f-to. A " O.S. L -» =:2.B. v 4,flL —4.2. The tovih b«r 

wMi »«f .1 and all v«ntr«l *OOrdlaate* 'p.-are taken from «J«ra. Cell* 

w«Tg tmpUntcdvU a jla»« eapUlaty (lfu>cr diameter —70 u*n) attached lo 
a 3 Umlllon •yrU«e. For iKo SVZa tran«planlf. lOO.OoO cclU from the 
6.3r!*r cell Ubc were |fatv«pI»j»lod. »od Uia bralna \»cto ••(^alyKod after 6 



wcclu <H — 10). Tor Ihc RMS tranaplaata. lOO.ogQ c«|J« «vere trent* 
planted* and tho brain* were analyzed *c either 2 wcckj (6.3FBr. /t 10: 
VKOf. n <- 4} or 6 w««ki (d^FOr, n - 10). Dolb cell llncj wera tran^- 
pJiutiod to either iha «ulaiunt (^OO.OOO cellt) or htppaeampUA (100,000 
celU), aod the braJfui «^(a «natyaed at either 2 or £ weeks (m m p^t 

KTOUp). 

TZutM pM^ni, At aCther 2 or 6 woeXca after iraAtf^iantailoft. raw w«rc 
icimiaaJly a^io^tbocllad with cLJoral bydrata and Ua^aardJaUy per- 
f uaad wlui oa M fBS followed by 3 QtA rapid AmLIor with lcoM»ld 4^ 
paraCona«ldcbydo (hPA) iO O.i M pho^ptrnta bulTcr. Bralna were removed 
aad placed la PFA evemUbt* before bolof traoaferred to aueroao In 
TDS* CororuJ or «aAlu»l tctftiOrta woro oul lmi a froeKJaf microtomo at a 
thlckuaad 0( 30 In caCK caao, oighi eerie* wcro coUoCtad for further 
procaa«(nC. , 
Jfw^ttn^yiachtemUny. For QrdU UbcUnc. all aadlona wera pr*tf««%lcd 
with I a« HCt for 50 mln at 6S*C Soctlona war* Ineubatad la primary 
aotlbodJej for hr ai 4*C. All primary aoiAkodte^ wrrc diluted (a 0.02 m 
pocautum PBS f KFBS) conia!n/o£ aormal Mrum of the apeclatf In 
wbleh the aecondary aatlbooy rP<««0 and QlSIS^ Triton X-XOiO. aiceapr 
for 32 kOa dopaisda*. and «AKC lf-re«wUtod pba^phop^Csfn fDARPr* 
31) ami Y-araJaa o«t«rboirylaifl <aAl>«r) In wbJab TrilOo XOOO wa* 
ocnltlod. AaciixkdUa iMcd tn this study were BrdU fat caonoetooal (111 00, 
Chemteoo. Tcmecuta, CAi% mo us* monoclonal (Iz25. Boctun Dickinson, 
Fra«dcUn L.akC3. KJ.), ^iubul(n-nX (r.a00. SJ^a^ calMndln (ijlOOO. 
^Icma), UAilPP-32 (Xf3O.0a0: Dr. P. attscn(;ard. Roeke£ai«r), GAD., 
(1:1000. Cbemleon). ^Ut llbrmajy aeidlc protclo (OFA^, 1:300, Dako* 
pacts). StNA Ulr»dlDS protein (Hu, 3:1000; Dr. S. Ooldmaii« Coroall). 
neuroaU nwelc« (NeuM, lUOO, Chemlcoo), cymlae hydraxylaAa (Til. 
Ii300 PclFrecre. Rofiers. aR), VlmcnUo (VIM, 1:25, Dakopatu). aoO 
hiunan-apodfic Uu (hT*u, l:lOft, Cafblochem, 1-a JolU, CA). FOr aJI 
ImmuooKlacAehemlcal procedures, adjaeanc a«c\(ans #«rv«d as negative 
contxola and were proccMad UAlag (denfJei^ pr»Cc0uce«« csccpt for Incu- 
bation wfthoul the primary witjbody Im «^aS« me. 

For a^orvaccnt doubla>iabeJlng Ip^^uaocytocbomlstry. aflsr rinsaa In 
KPItS eonCalnfaf; 20b of th« porn>al s«ra, scetloiu wera Ineubat^ In iKa 
aecondary antibodlcr (|:20q), JpOT fAI anli-BrdU tbit was donkey ancl-rat 
conjugalad to FfTC Of Cy3 (iackson); for mousa aatl-BrdO. dorUoy 
aotUmov«v «Or\|we^tod to f=JTC or Cy2 (J«ck<on)i for all other primary 
-ntlbodfos raised So mou*a, ratrabaort>«d blotlnylatcd horee smi-mouse 
(Vector): and for all primary «nllbOdlo< rafied In rabbh, blotlnylatcd 
•wtnc aatt-r«bblt (DaJcopatU). All seoondarloa wore dQuied In tCr&5 
containing 3% ncH-mal teruixx, and rccilons were raaelad for X hr at room 
Cooapormturc In tbe dark. After tbrrm rimes (n Kf&S, sections were 
reacted wUh strcptavldin conjugaiad to Cy3 (Jackson) for aftirtber 2 hr 
at room tomporatura in the dark. 

Ptor emfnunoblstoeheitJtlry wfih hThu, lactla/u w<ra pretrealed with 
Z%f K,0, tn 10?* iMolhanal lo tiuancli andoi^enoui peroxidase activity. 
IncubaUon ht Iho primary antibody (k^^forrsod la KPOS eomalatox 
normal borsc sorum ^aJ 0.33^ TrlLOo X»100 for 5£ hr at 4*C After 
three rintca In 1CPB£. seetlOM ^ere Incvbalod In the aaeoodary antibody, 
rat^btorbed bfotlnylatad hortfe antUroowso (Vector) In ICPBS c»«ilalnlnc 
1%^ rmrtnai Kor«4 Sefam for 2 hr at room teoiperaruro. Furthar washing 
fa KPBS «w«4 follcFwed by IncMbaiJon with aeldlo-bletln-^parealda^^ 
eooptetr (Vo«laataln. Vector), for U br at room •empeTaturc* 3.3- 
Dtwcdttobaoetdlrts (Sl(r>«) In n.03^ H,0, (n KPDS was W«ad as the 
ChrOeaogoo, 

The acctioru were mouoted 00 chforaa— aluco'^coaled aJIdas, aad tba 
fluoretfceal socttoos were cov<r*ilppcd ustog polyvll^yl alaobol— 1.4« 
dUxablcycio(2JL3}octaAa CE>o«ntlng medium. The hTatt sUdes wcro dc* 
hydratod la aacand|nc aiooboU and DtrraiaiCppad uilng DPTC otounlanl. 

Cottfm^l trUcrWrcoio^ CotocaUaatlon Of BfOV with oowrosai and glUl 
mar^ary *-^* oonduelad by oonfoeal mlarOteopy to enable exact dcAnltlon 
orr*eK of tho aat{bodl«A, \iilng a Blo-Rad MRC1024UV eonCc^al soao* 
nln« ilfbt mteroaaopa. X>aublc>A«boled calls woro always veflncd, both try 
cotlectlat s^tUl avvllona of 1-1 f*m throwgbout tK- epadmen, and by ay«, 
using an Olywpw* binocular mtcroaoopo, la aJJ flgun>«. all do«bla-fcd>eUd 
cell* th^i »r« 4fcnoied w^ra tdcntlAod In ihl* ^ay. 

in vttro ct\«r«crt«r1trtlcrf of tn^ trof«oplnnt«d c«Ua 

Two diJroront>umiu\ prosecjior cell cultures obtained poal mof- 
icm from tho forcbrain of ouo 6,5 wock <6.3FBr) ftnd ono 9 week 
(9n)f) ooibryo wore analyrcd. Tho cclU were CMJlotod in Iho 
procnce of EGF. bFGF and UF and pasaaged every 7-10 d. In 



.hc.c culture. bFOF w.. „c^.«ay '<>.""'"";;" t!r.''::it« 

pn.»ifcr«.iOrt over ««t.naeJ «i»c J^,'?,''*; M vi« ^.^c" 

further enh.nCcO by the .dOitlon of UF. '^^"^ 
:™.«tf fC«mei.ter et ml.. 1999) indicate th»l U 1- pr*m6lc« llio 

.phcxc culture.-. Moceover. In «'««««rrif''JluXt d^e«S! 
' (S.ioK M.KI Yo»hid«. 1997). the proponlon of cc U ih»< <««5«|*n 
liMed Into neuroo. -ppcred to be lnce.«il .ft tho p*6«ne6 

et W.. Br«ny. both e^Jture* *hOW«d I. t*^ '^''^ ^^11 

• ^I^O'icrMip. nnd cultured for 12-14 U in N2 medium 

of 15-55-^ a-trocytc* patent io both the 6^FDc und -^^.l- 

l,*.lypc HI w.^ uacd lo detect neurOtU. /tl M iK- 

SenJrTtcd more fj.tubulIn-Jn.po.lUvc «"« 

(37 V, 20r-. rcipccUvcJy). At y-0:^2a (150-300 ^^^/"^)- 

p^rc<nt.Ke of neuron, h.d dccre^od lo sn both culture*. 

Survivol end tUtT<>r»ntIoXlor» •n.»r tf*n«pl»ntAtlon to lha 
adult rot brein » 

C«ll< from II.C 6.5rOr *nd 9FBr c.jl(.*rc» were tri.n.pl»ot^. under 
.mcnuuo-uppre^ion. into iwo neurogenic siic.: the dentM« i^yrv* 
orihchlppocMmpu* and llicSVi. lind ili .wociiitcd JtMS. 

ta a noft-ncurogcnU the .triaium. ^'^P'"';»^°" 7" 

petfonr^cd twlng cell. Ilu»t h.d been p««*sc<* 9-21 
cJll. were l-beJcd will* BrdU durin|t th^ J-^t 4S Kr before tr-n,- 
nUnintlon. re-ulicd In --ftOr* Iu0clin« etncicflcy *nd cn.blcd 

LnnK-NU ofUi- crmft* by tluor.mconr Immunohimoclicmitlry upine 
. dnublc.Iobelitt* iceJ.nlquc for BrOU in combinKllon w,U, .po- 
cJlc neurcvnnl «nd glUl tn.rker.. lo addition. liTou wk5 u«d to 
tJcatify the crnCXod c«lU. 

la -U -nloi*!*. DrOU-poM^vc iriuisplantod cclU wore Idcniincd 
l,t mU gr-fi *l«c.. both 2 *nd 6 week, mfter U-n.pUmt-liOd 
SimU-rlr. .t.lninc with the humma-peciCc tau ..ntlbody rcv«*lcd 
cellular ^»d *>00»J prolllo- .1 »J1 "^^f! "?111l!"*,frT! 

.UTvl^l In *ll e«^.. Bicten.iv« .nigrutlon of DrdU-Ub«l«d colU, 
dc*criV«d b^low. «r« #een In »ll ..nim.U whc« the ^reft rfop0.1l» 
hud been correcUy pUcod Jn the RMS. or hippocampum 

rcjpccUvely- No evidence ol tumor ^^^^^^'^T^l^ . 

The Cr»n«pUol. from bolh cell cul.ures ("FBr end 9FBr>. 
t<Rfttdtc*» o( the number of paii«Ec3, wOre .T,dUt.ngui*h«blo U> 
icnn3 or K«»ft -urvivJ, outtr-iional p»rtom». *nd phcnotypic 
dUreirnliutJOrt Of ihfl ttan.pUnied ccib. Co«irol ttmn,pl»AU of 
celU »hw| hud been itUled by freexe-thowinB before ti»n»pluni«. 
,io» .hvTwed no irontf^r of iho BrdU mnrkcr lo d,o hoM e^l.. 
whicU im in uffT^cmcot with pr*»vJoui. roportp (CoEO «^ * ^^^^ 
Suhonoii cl •I.. 1996), 

TKo »ubvontrlculor*3c<>fvo *ind postra! migratory straom 

:>i»£le dopOfh^ of lOO.WO cril, were dcpo^Urd \n or iHo.e lO iha 
SVZ*. ioii vcnrml to iho corpus callof um. or jonl »bovc the RMi 



F<iek«r fti. • Tt»rMipi*nt»iion ol Hwt%«n ^^o»f**or C»b« 

mJdwuy between the SVZ« •ftd the olf.ciory bulb. In iho SVZ« 
a core pf DrdU-pP»itNQ ColU locniod c^ose to ihc ventrlcuJttf 

cpendymM extending Id «otnc cavcs into the whilo matlor of the 
ovo^iyint eorpUB e«ll6»wm (Fit. 1^) (6 weelci rfurvivtil). CelU 
were to tonve the irAwpUnHlIon tota In a iitroAm of romml 

oiIgrRrion (Fig. 15) alter lUv RMS, Uh wlong thQ p*ih of «mlQg' 
cnoutf pfogonllOM toward tlie olfactory buJb. Oacc thoy T**chcd 
tho buib. BrdU-pOMtlvc CD»» left the mlc^toty it/oarA, beCOiSftirtfi 
dUpartad throughout the »itbepcndyni»l, xntnulkT (Flfi. iCmO). 

Blomerttlw^ cell Jay«nf. Th« colU wioiln the oUfit:iory bulb 
wcr« iBorc weidcly Brdl^-Ubelcd thiin the culli Jn lUc SVZ* 
(which wcrfc un JOi'taJy h.-|;h)y Ubcled). ^UCtc'CiAfi lhat tAo Ubcled 
cellA had utiderconc rfunhc* ceil dlvlsloo on thct* route lo the 
bulb, vimiiwr to Iho «tvrfoc«noH> pcoB^nUor* from lh« SV5iu 
(Mcncxct ci a)., 1995). 

In Ihd KMS tfAfuplaftrd Iho depocltA of BrdU-Iabelod oell» were 
locuUsod Ju«t abovo, antJ cc£a<loA>aiy within, die SUOS itwilf (•♦* 
Fig, 4y4). At ^ wecVw ««0«r trwifpi*"****^^'* r^mn(n*d 
clwitcred «C Ihc graft iltc, and there wai very UtUc migrotion ftom 
the f tafi core. Thua oAly few coUa w^fc obierved cMt^al fciid 
caudal lo die plBCeancnt »1 iMa timo point. wcoka after 

Br»rii«s» ^olU wore a««a to hav« mi't(r«t«d wtr^lly toward the 
olfactory bulb (ucc Fig. 4B) and Into ihc granular and pcJi^lo- 
meruJa^ laycrt {woa FIh- 4C-^). 

The itnmatur* c*ll marker VIM w*a u«ed to dellnaata the 
SVZa aad RMS aJoog which BrdU-po*ltWc cells were rccn in 
their iDlgr-tory »trvam (Fig. X4% »nJU*po»Ufw€ cclU v'cre not 
VIM poaitlvc The vajit majority of the BrdU-Jobeled nuciol did 
* ooc dZvcTKo from the RMS; however, (O the x^slOo KdJ«eeni lo the 
tr»n«pi»nt core. occaMonhl ceWa covTd be aeen mJjCTAtIng dowully 
toward the overlying cortex (data not shown). Some of the cells 
txilgratlnB within the RMS were double-t>h«lcd wUh the early 
ncur^nid m«rlcer» Hu (Fig. 21!) and /J-nibuUn.Ul (.ee Wg. 4B>. 
Both of thoao markem. which idotillfy both onrly dUrcrenliBied 
ncuronkj prccuraort and mature ncut^AS, aro known to ha «• 
prcMod by th» -ndo^epov* progcnUorF from the SVZa mi they 
migrmlo along the RMS (Dpr.ml ct .I.. 1995; Mcney.o* et mK 
1995). The pftoAOOce of iheJe rna/kora ihui indlcntc* tl»clr cmrly 
commitment to m nouronal phenotypa, Nona of th« DrdU-po*l«lvc 
coJla wUhIn tli« SVZ« or RMS stained positively £or the NcuN 
murkor. Within tho olfactory bulb, tho m»Jority of BrdU-Jubdcd 
ccJla. both In the deeper Uysors und In tho pcriglomcrular layer, 
were Hu po<ltlvc (Fi^a. 2C, ^Q, and approxImalaJy haU of Ihc 
BrdU-po«lttv<i catU were aJ»o dovbto-labcled ^Uh tbo tnoro ma- 
ture neuron.l tnarkef t4-=uN (^B* ^P.^^, IndlcaUng » FTPgr^Mlvc 
mDtUf«tk>n of the cclU tow«d a riouronal pheitotypo •» thoy 
entor«»i the bulb. Many of the DnlU-J»bclod eelU. within both Iho 
grenulo eoU layor amd pcrlglQOO«irvlar Uy«r, -Uo «xpra»a«d the 
O ABA-y thcalxing cniy mc G AI?rj C'oo Pig- -* A£>. TH. wlilcii ii 
a chamcierliUc feature of the dopaminergic perlglomctular ncu^ 
fotw we* clearly exprcsaod in aOmc of iho BrdtMaboled coUa 
wlil.I« (he perl^omoriiUr Uy»r (?%. 4 J^, or»™A«a# /rvcf). 
None of tho BrdU-lobolcd celU vlaJned po«ltivoly for Uui |;Ilal 

eoarker CFAP, neither whhln the a«trocyr*-rlch RMS (*cg i Jg. 
9A} nor within the olfactory btUb (>ce Fig. W). It* additloa. no 
colla w«Te double-labeled with BrdU and tho receptor phoapho- 
proteift DARrT-32, which U present in Ihc loodluca aplny nou- 
ronj of tho tuietwm but not normiUIy ootpre*«ed in neuron* of the 
olfactory bulb. TmbJe 1 given m ^miquantllative aummfcry of 
neuron.1 and glial differentiation of the traniplantcd celU within 
iho RMS mpd <Ko oIf»c;\Qry bolb- 

U-ing a humoa-*pcclflc antibody to the cyto»kclctol protcm 
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tAu po*lilv« •Iffclnlng ol»€u^v«d bI Uic lBjcctK>n pite In t»oth 

ccUuliir anJ .xortAl proflloi CFlC* TyplcAlly. cclU ihAi n;- 
omlned ft I U^o craft cam Of «nlEr»te«J only ft *>iort dJalancc £rom 
Ihe jmpUnf.iicn >lte h-J dcvotopod ftxonj that pTt>joCt»a l»ier*Uy 
Irtto cUhtr cht corpu* callo-um or plrlntum ndj»cont to tho trtme* 
ptwmt (l-lg. 3/I,B). Ttatt-po«lUv9 colU wcr» dlciribuleil '^Jong lha 
RMS. BcvwrrJ mUUmctcr* from O10 t^^U tUc (Fijr. :JC.I». Thoi« 



ejffttr* J, Co^ yo »» f ttJuvUteiton of « 
tr-a«pt%At la tn« s v^* in « wfJUMi «oc* 

pl*»(»U«A. *l*0»» nn w»«rvlcw of the In* 
joctlon •(!• ot DnlUJ»b«Ui<l c«lU 
(fT«»«> Mtd Ihalr dUlrCbullofi ihroustf 
out IK« RMS. In iHa olfttetery buJth. 
cctU X6«snd diapcr**d 4ltrok*gH *il 

t«y«n. yM>, Or%n^ *t tflltorcot 

9<tA« <Iml4c*lctf Ia Uks top pmnvi}, with 
0rdU-Ubcl^ cctU Khown In f^wA »nd 
cho NcuN iKoiMm In /v^, X>ou^l*.Ub«l«cl 

mIU pTMCfit In Ui4 bul^ <t«pl«y t ywUv^ 
t^r (C X^)..^,Tr»n4pi«it coro: a, c«U( 

mttnUng mUMi tha -RMS; C X). calU In 
the mAU]« evil Uymt Of Iho olfMiOfy 
bvtb. S<«l« tft/. Z50 #ftcn.«cf. Jntrftbulb»K 
portion OC iKo onlorlor oommlaMirc; 
yrmnulo coU l«jror. 

celU ofton vhowed * ahort teadlng procea*. oricntc^d in Iho dlrcc* 
tton of the IIMS (PlK* 4), Sronll thU-po<ldvc pronii:* w«:ro ob- 
■orvcd In tho deeper Jaycni oC iho olfocior y bulb, nnd occanlonuUy 
joBturc cclU witK oxtofuJvc proccMcx were found in th!« r^tJoa 
C^'C- 3^^/*). HIrH t>«ckgrourtd frofn iKo lnnj»unoix5«tocliorT\Jo*l 
procedure precludod th« IdcniWcation of tMu-poiiHvc proiilo* in 
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«u« V-lCMfc: — ^v-ttnt; *-».4.-f-. 6|.ao%: ^lo^ 



TH« nippocampua-* 

7>mn<pUuU of 100,000 cdli wcxo pl>ccU wiUdn ihe hUmr rtB^on of 
iK« dontAio tfr A**. At both 2 «nd 6 w<«Jc» Aftor Kn>^ainc. m«ny of 
tlio injected DrOU-poaillvc cclU rctfi&lncd u a cU*lerJu«t below 
tha cr-nule coll I«y*r (Fig. 5/1 ). Thl» pocUion of tb« 0«iU dopomll is 
character Utic for cclU th«t arc Impluotcd poiiivo injoeiiun Inio 
the clcniMc <yrui, bce«to< of the pracncc of ^ cIpayqco pl^ino 

unileme-ih Ihc ^i^nuU CCll l«ycr (Well* «;c iJ-, 1988>, A •Isolflc^nt 
prvp\>T«ioft of «ho DrdU'pofciUvo colU. however. h»d migrated 
w^tnin iho <uhgf«nulQLr t«y«r oC Ihc dcnMile fyTM% •md Inio iho 
Rr»nulo cell Uyer iUcK (Fit. Si? -/•'). In oddCi^on. #omc cetla wro 
lAtind «c4itcrad In ihc bUu« mntl the molccuJ&r layer of tho d«nL*ta 
«yru*, »* w«U II* In the overJyinc CA3 fot*on. The extent of cell 
miiir-liort itlrnil»r at 2 And 6 w<clc». Typiclly. colU ih.t liid 
mltrofcd lont^r dl»toncc« froco th« iran<pUnt corn were more 
wc.lcly Ube^lod wiih BrdTJ, augftcnipg «Hoi lb« mltfCrtwd CCU* hod 
undcrcono further coU div5a>on». 

The HrdU*lftt>cttfd C<U# thnl ti»tl Idlcg^olcd mlA Iho Rrmnular 
•uid *ubcn«awlar )oyer> had the *efne aire and ctmpe u« lh< 
intriiL5;c ho<i tirtoiuto colls, and a lurgv rnwpber oflHcTP «JipfC«<d 



tbo ncuxonol inArkcrs Hu (Flfc. 5fl), NcuN (Flfi, 50, tnd 
p*rubuIln-JII (Flfi- 50) at both time points. TT>c calblndin mHrkcr 
(hat If cbarBct«ri>lic for tho Intrloslc sraftulo COlU Wa4 eioarly 
pro««nt In mmny of tbc Uafwplanlcd cqIU «t ^ wcoka bu| not at 2 
vmokj after uanapUntAttoA. Occaafonal BrdU/Hu dot>bM«be]cd 
cciu, but no BrdU/KouK or OrdU/calblndl« doub|e-l«bctcd ccll«, 
woxo fooAd o%ii«tdc iKaaa L»y«rv. A Inr^ pmpOTtion nf tlra trana* 
plantod mIU within ihc ^rmnuJo ca|t Uycr WOffi caiblndln pOtttfVo 
(F1^. SS). No BrdU/CAX)«f double-labeled ccllf were observed in 
lhc«e cran«planu (F7g. SF\ Similarly, no ceJlj that coerpr<9«cd 
BrdU asd nAVll*^02 were obiorvcd v^ithin aoy region of tho 
hippCMzaropui. BrdU-lab«lod colb ejcprcMln^ Iho x\\n\ marker 
OFAF worv found in area* outside the dontute syni', bOlK In U>c 
CA3 njca and in aroa^ clo^c tO Vcotricle ei well as witidfl or closo 
lo the e^^f* ^^8- '^^^ «tcnt of neuronal and (Ub( 

diXforenttation of Lho rmnaplontcd cells wtthin oaeh rep'on of the 
hlppoCBLznpua Is given In Xabl^ 1. 

St«lntn|^ with the hTau untlbociy rovooiod acattdrcd ajtonat and 
Cc))ui»r profUc*. boih within iho gr^fx wro tnd in Individual cclU 
that had mijtratod awny from the Initlol tranjpluni fite wfihlfi ihc 
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elU wcrr found •caltcicd 
J jOwnotyi**. Within the 
I »t«)n«<S po#U'w.lyf Of cither 
tru>»ptuit«<l cell. 5c«to b«r 
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tndic.lc •Jnplc^.bckjd BitJU-poiHlTti ctllt. ScaJo b.r (thor^n Jn>4).^, UD tf, -i-' ^ 

malccuUr Uytr; CCC tr»niilo cell lirjrof. 




KTWiuUr •nd ■ubEmauIaJ' coU Jayoni CP»C» <i*^)- ^ 2. vcokt tho 
■ppcnrcd Ulrly Jmrouturc, wltli ■ /ow Bhon TBu-po»lUvo 
procttuc. At 6 woaka, cclU wllh iD6rpK(>l^c»^ fomlurM of »oii» 
/<>rtP With proc<«««« were obiervcd (fl^. (UJ.C), TAU-po#£tlvc c<JU 
were aUo Boon the bllut ttnd molecular Uycr and along Uio 
AccdJc lr*ct. 
Tho vtii«tum 

TI»o trart>pUnU wero placed ccntnUIy within tho head of ihc 
C4iud4t«-(n>(»a>cn. Al" bcO» i »Ad ^ wocJca ^ttcr cr*(ttng, iho 
rr.ftcd ceil* were Xound as a BrdU-Jabcted cell cCuJtor at the altc 
of ImpJ.niitldA. Mmfif of tho BrdU-lAb*Ud c*llj. howover, wvm 
obMrvod to tiBVo micrmtod JntO iho Burroundbi^ hoat ■trUcum, 
with o VI •ny pref«n:nt*»l rfl^ctUyn, v«? • «««i*t>c^ X,5 ^nm 

troto the gron core (Fig. 7>t). The aire ot individunl BrdU nucloi 
v«Hcd cofirfId*ffcbly, both w|U»Ja th« gr^tt core »J\d la cUU Uiat 
won> locBtoa In iho ndjaconf ho«t strtatuu ('<0.4 mm from Oi* 
graft «orQ), AU of Xhn «c)U th«rh»d vi!(jr»iiid Qvor longer dJi- 
uiocva wofo of •mall tlzo and moro fainUy labeled, •uggcBtlog a 
dUution of iKe BrdU Ubcl i:«U3od by cel! divlaU>f\. In aaglttai 
««ctlont tho BrdU-poaltlvo calU ccnild bo ftocn CO kro aUgn«d with 
tho troy inacicr. Iniortperfcd ^lih xbp f\\^m ot x^^ loiomal 

^■pmje. 

Doublc-atoJnIng rcve«Icd thol Iho tnojodty tho B/tfXJ- 

poaitJvo tcD* In tho trafi core and in the »d>cent ho«r «tr|atum 
-^ero dout)lo-Uholcd for tho oorly neuronal maikcr Hu (Fig. 7^) 
but ncg«llvc for NeuN (Fig. 7C). Many IlrdU/Kti doublo^lobcJod 
ceil* occurred al*o at the graft-l»oirl borricx mxxti wlfhin iho 



^Iguwx d HlppoeaopaJ Crmnfplanu atatncd with th^ 
hTati ancObody.^. A transplant In tha dentate gyrvi at 6 
tc^dkt aft*r trana^Uaticio*. S, A tat*-pA4lti«« aall with a 
typte^ly IamaIw/A &£u4««iai pr^nio mllh ono pHmmry 
p/Mca«. A moTO dlffarontiKtAcf tMM-p<i«Ulv« n«%aron 
with ovora oxnplu proccucA, *Uuttfcd wlthla ihc awb* 
gmsulAr Uycf i^r m9 »'4»t< u ^ ln^>. £caSc bar (shown iaM^i 
yi, 150 funj A C, 30 #«n, iWI^ VfolocuUr Uy«r; COL, 
4r*AuU c«ll Ujr^n //• hUu«. 

ecTit ho«t atxlatum. up to a dUtancn d( — mm ftons the 
grftft eofo, yvlthough tho majority ta^ tho Mu-po«itlva c4Ui within 
tha K»ft core wem vmAll In Jilr« round or oval In alimpc. 
•tmllar to iha Hu'po&ltlva cells wi;hln ib« 5VZ o( the hofi brittn, 
n aubatantlol pxxjportlon of Um BrdU/Hu^poiitlvo cnJla b| th« 
^■fl^^t border and In Che boat alrJatum wcro .larger In al«c 
(lO'-lS I'm}, i.o., in the ran^o of Uie Hu-pooltivo neurons yvithin 
tho ho*C tirloturo. Nttrto Ctt tho CcIU cXproaioa NeuN, which la nlco 
tiie. case, however, lor most oi the hoar at/lAtat Acu/OAi. Ail 
BrdU-l>boled caJla located farther away from tho grvf t core were 
Hu iMgatiye* Thoao coUa woro mil of amnil alxc and ofton fovnd In 
SBtdllio poaitiona, clo««ly apposed to host atrlaUt neurons (Fig. 
7C. arroMtf) or cloao lo blood voaaola. Thm location and (talrUng 
prep<^rt|o« ot Ihcae amKll-aSxod colla auggoat that they had dUTar- 
oatlatcd. at Icaat in p«tT, into glia. ColocoUxatiOo of BrdU and iha 
aatroeyto marker O^A^ waa \ma<)ul vocally d«Lmoruiralad at Iha 
gxmCt4io«% border, l.«- within tho aroa of GFAP-poaltlve reactive 
.VTTo^dlng the gr»fX cvre (wo FJg. irtxcf). 
Tho neuronal phmotypo of Uio Iransplanicd ccUa wa« furilmr 
jA«*ectJBAt«d w»lnc anHbodiea ■b*^*^ tho OABA-aynthoalilng en- 
zyme O AD«t7 , which Is present In the v«*l majority (>909t) of Uio 
neurons wUhln tho striatacn; DaRPP-32, which Is « marko/ for 
tho modluin^'znd 9plTxy striatal pn>jectJon neumns; and CMlht- 
ndin, wMch l«.norm»Jly prcBopt In tho medtum spiny project (nn 
neurons in the matxix component of Uic auJarura (for review, »« 
GorfOiX. 1972). BrdO/GAI?^ daublo-l«t»oJod coUs were obiorvod 
both In tho tranapl-nt core and within the ho»t stn'aluni ot the 




^V**^' ^ CnnCocaJ Ir&Af c« o( 0rdU.Ubclod ( j^mm) Mt4 49«bl«-iftbcJed utlj f >c/l<nv) trKnapl«At«3<f in (K* •tH«tuf!DL.X» CofOA^I section thmutik tK« cratfc 
cute mt ^ wAoIr* ArB«r <r»a#pt«ntat4<m, showing > <l<tSn clustor of cellrf »t tho Ic^octkao vJtC «od Edui^nclon of B|idXJ-^l«b«lwl utis away from th« ^rofl csorc. 
In W»ih a'*x •'KIto mBi<«r, y*ur# roffion <n 6ac «t hUt^r ravfcnlflcttdon, «dao fiJustraced In /^^, Maity 0( tJbo txmruplaaled amtU w»ro po«(flvaSy 

Pt«an«d wItK llu <^<^. Av^n v'W-tn Ura CTmllcoro (^rrw n ^wA-^ enlarged In thoirwcf)- No Dn^U/WcvN tfooblo-la baled ooiU WAr« fOUnd In tbn rorc 
or «(uonf( tUiMs tiAii* JuJmtod loio Ola Ko«t »lrUCuiii-./im»wj Indicate crmnapUntad eeU' \htiw«r« Cound In cio4« lion w«lh N4Mi><t-po«ltI«^ 

hott ^«urv<«« (r^h ^» ^ numbar of lran«(kUat«4 nUi wora po«(tlvtf for tl^o oozyma OAD.v (A (He pcrtpKcfy oi ih« o^ro («rro«*«A«s«j^), One of tlto 

tivwtilr-U^»ctcU ccM» li chowo at hlflK^r fuaynlOCatioa In the iri/W. DrtlU/^DAT^r-^^ tioubtc'labolod c«U«VM«r* M<«»lona]ly ob*«erv^cd <arrotWi«»<f and 
''wr M higher inAfTiiAcallon). TKs«« wnro gcncr^ty f^U»tly Ubdcd juul found enJy tn iKa lmm4-dU(e vl^olty of tho tran^planl core. J^, SlmUi«fiy. 
OrtlV^«}t«ln<Jln dt\uhJ«-l«^<l««l C«IU wurt) Xouod both tn iho perlpKory of the f fs(\ «nd la ad/aMot r«^on« of tho Ko«C «tr{*tum, bar (shown In^): 
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/TifiiM 4. SviAlAf I/aMpWU tftalAcd 'wIUi Ubc hT^u antibody. Sl» «*Mk* mMpl«ntft(£Art. CDR»n«J SACfCon* Vtoveklcd lAu-pcMrtlwe A«wton«i proAla 

dOTifvly iMMckod wUhIn tKa Rrmft cwrc IndlvWu*J edW wlii acuraojd proAl** obMrvad flJUo Irt (lie ho»l atxivfuin adj*c«ni to the gfrnft (it/tm/KiM// 

u>>4 •idS). Aju»d«I proc«««c* w«t* »c«m to *iici»d oiud&lly wftKJi* tKa wVu ovUcr buodUi ftf tbo IntarMl cAp«ule (g im Ia>4 *nd^), b«rs:^. 



ia>4 mnjl B^. Axoosl pi 

periphery of iho trAi«spl»nU (FJb, 7£)). tn •ddlilon, tomo BrdU- 
Ubclcd ccUi* cxpw«cd cjJbindln 'TX./*, //we/) "nd oc««*Ion- 

*lly bUo DARPP«32.XI»c»c cells wcro located III the (*crtpKcry o< 
tiic unvupiaati Knd In th« adjacent hoit vtruinuxi up to q di*(aJico 
of —0^0,4 mm from the gf«fr-ho<t tordcr and w«r» KlmtlAT In 
»ize «nd »h«po fo Ummo present wUhJn th« host atrlaxum. The 
UrdU/DARPP"32 do^ble-l.boJcd cclU were only w«»kly 
D>U^Pf-32 poalcfvA but wcro compar*lilc U% «ixc lo the hofl 
DAnrr-37-posil»vc neurons C^g. 7ir). None of th» iTKfuplftntid 
cclU exprc»<ed TTI. cllheT wiibJn ibc ftruft eaorc or whhtn iKe iiost 
«iri«tum. Tiiblo 1 ootlincv* tho exieaf of cxpro<»U>n of novronal 
4ind Cllal m«rkort at d.«ff«rtnt di»l»ncc» firom ihc jroft core. 

SiAlnlne wlOi ih« hT»u •fitlbody rcvtJfcJcd % jrafc corA of clus- 
tered f«u.po*Uive cclk and fibers (Ftg. 6>f>. Tn aasi'tul scctiotu, 
loovo buodleA of I«0-pO»ltiiro flbofv were seen tp leave (hO f nift 
core fn boih the tottnU lu^d c«udal direction. ftJong tho whito 
mutter bund]** of the Inremel capsutc In croa< tfection, iheao 
ftben were found prtxsarUy within the white matter b»mdto» (JFIp 
tB, urmtn). Inrflvtdoml CClU wcro eJ*0 observed »l ♦OfWC dUtttnCC 
Ifom the gr«« core (Flfi. fi^^, arnfti^hcodf), }n thoto c&Act, iho 
coU bodlci were often tocjited within the ftr«y matter, with their 
proccasca prvieetlng IntO the vrhlto mettcr lrnct». At « weelc«v 
l«%i-po«itlvc axons cot&id bo craead eauda^y from tha ffCAfc COCo 
wtihJn lJ>C Internal Capsule bundtos lor a dUlaace of 2 min; 
40xne of these fibers were sa^n to cntCf the fitobui palKdus, and in 
some cMsci scaitcr«d taM-pOfitl^-c fibers rould be traced ■« f «r e» 
the eotopcdunculur nucJou/. 

OI3CUOSIOM 

There prcient retultl f how thkX. the lAn^lcrm propugstcd humnn. 
ncuro9ph«re cultures containod proK.cnitor> ihnt can re*j>ond (/t 



^il^ to ewes prcaenl In botH n^vrosociic ii>od non-notiroeonle 
rccioAA of the adult ret brelfl. The cxprc«^on oC pUcnotypfo 
fsarkcr# provided evidence for aCto*«pecii1c nourid d life rencik lion 
wit Kin OACh <yf the three srafted regions. In the otfi»ccory bulb Uie 
celU tJsat Intc^roicd Into tile perl&tomeruUr l»yc» 

ez^pmcvd KcuN, TH. Mid OAD«t» «lmJlar to Uie dopaminergic 
•od CAJOAarcIo Qm\\M nortnaJIy prevent In thetfc rogloru. In the 
dentate cyru< iiemc of the celll usumcd a po«ition. mOrpholo|{y, 
and phenocype sJmUar to t)>e K'wN/etlbJadhi-pOBUlve c^anule 
cclU wJthiA the iprenutc ccll ieycc. And in the striatum^ cclU 
located In the perlphory of the transplants cxpreased OAD«, end 
calblndin a« v^t at tow tovoU of tho «trintum-«p«>cUYo m^rfcot 
OARFP-32- 

A combination of EGF, bl*GP, and L.IF wam uscxI to expand the 
human progenitors. It hts been thown previously that SOF Aod 
bFOF eci oooporativcly in promoting tho prollforadon of rat and 
human neural progcnJtort (Vcscovl et ml^ 19P^X Wclu et al.. 
1996a; Svcadsea et at., 1997). bPQF eppei^ to be «t mkogen ^or 
.both ontpOtetlC and mulrfpotent neuronal and gUa) pfogeolton 
(Murphy ct at, 1990: Vctcovl cl #1^ 1993; Ray aod Oago^ 1994; 
KUpatrlcSc and Banlott, X995; Pulmer et *iU 1995) And may act 
broadly to m*>&ntam neural progenitor cetU a« a conAiitndvcJy 
proliferating population in vifrv ^^Imcx Ct oL, 1995). It Accm* 
likely, therefore, that the cooiblnadonot growth factor* used horc 
Borvod to ntaintalA both rDvltlporenl and llnoaso<^strlcted pro* 
gCAlcorv In continuous cell cydo and that the sblUty to migrate 
*Ad Intograte into tho Adult host breln wo« cxprc««od by «pociAc 
subsotif of Cell*: Pfevtout Itudfet suggest thot the in Uvo properties 
of //I Wrro expanded neural progenitors mey differ depending on 
the growth fuctorv tx|cd. B>nt or mou«c ncuroirpUere celU cx- 
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poijd«U in »h« prwn*;^ Q< COP alono hove gtooroxod pnly jilta 
ctlU oftd fto fwuroni aflor tnm»pl«j»t»Hon to the dovolopiny r»t 
ftVrcbrsiH (WIftklcr ttl 1998) or odult i»l »p»n»I cord (Hiim- 
m^ng et 1997), nJid Utoy ecKlbit poor survival mnd iniegrvtioa 
• Rcr irmnaplortTodofi tO the •Ui^tum (Sv^nd*^ cl rI., 1996; C. 
Winkler, R. A. Fricigcr. A. pjOrkJund. u«,jubi;.hcd ob«Dcv»Uocia>. 

By roniroAi, odult t«1 hippocampal proponUor^ cultured In tho 
presence uf bFCF ucblbli both mlgftttiarx and nciU'OKotiOdld Aflor 
irttrt»pI»niailon tn the *duU r"t br^ln (O-so Suhofitn 
ct 1996). 

SU«-dp«cmc difT«rontJot»on of tHo grottod oo1It> 
In ihc SVZm, which U one of Uio two *itc« whcro nouroKooofi 
continue* Irtio adulxhood In iho mnmnwtUan CNS, the endoge- 
noua nomtjnal protortitoft hftvc bocn *hown to mJgraio aJon^ the 



RMS uid r»ch U\o buib within 2-13 d aftor their ftcnotfttlon In 
th« (LoU uid .AJvKrec-BuylU, 1994). The celU Already 

cocomUtod to m nouronAi phonotypo while (n tbo aal^rHtoty p«th. 
AjthouKh th«y coadnuo to dlvkia during ml^rvtigti (MonczdS et 
^ 1993). Tho celU K^ticratod by SVZ a poitnat ally are latemeU' 
ronj, »bov« all OABAorglc «nd do(»&mInorKlc lotcxnouron* in tho 
^onuW and p^risloravruimr Uyvri of tho olfactory bulb (ILuikln, 
1993; LoU nod AIvarex-BuyUo, 1994 1 Bctaibct cl al-, 1996). 

Tho trwspUaitxid bwoMn ncurvl proKcnitor ccUi expressed the 
c«Hy nouron«( mAxkerv Hu u)d p-tvVuUn-in duxinfi mlct«tlon to 
the olfactory bulb, Indicaibig lh»t somo oC tho tranAplRnted pro* 
5CTiit<^rs were coouzittt^ to a nouronaJ ffcto already in tho SV21. 
• fmljar \X3 iho BpcJocenQui nouTTsn^l progenttor* generated In the 
SVZ.« (LoU <ind yMv^ror^BuyllA. 1994: Monoro4 ot al., 1995). On 
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foaiilidiK the bulb. BrdU-poiitivc cclK* dUcributcd In the granular 
unU pcriglomcruJft/ luycrt AAd 6<>crxprcwd ncuronml m«rker« 
«uch &i Hu Aftd NeuN. »■ w«Jl lui hTau. TJ»U ■*« in »^ccxaa^t with 
prtivJc»o» Tcvujti obiMlnod with rat or mou.e SVZh proecnJioM 
(Luskin, 1993; LoU nnd Alvami-^nylli.. 1994) ftad m rccenl «tudy 
U«mS trtinipl»«t»tion oC humun neural tficm celU (FJox ot 
1995), One Intcretdng dUTcftncc betw<MMt tho tranapUmed hv- 
fn»a c«lU In ihe curroni «tudy «ind endoecnoud SVZ* progoxutors 
U ilic time couri»c of migTOllom few of the tranf planted h»^mn 
protfcnltor^ had cnio«d the; RMS at Z wccki, and many itlll 
ri&maJAcd dUpcfdod nJoog th« RMS by 6 wcdca. One rca«>n tor 
muy b< a apccJctf dilTcrcnoo. Tran-pUoU of humaji pilmfiry 
ectb ahftw a n\dro protracted d(!velopirt«j<it tban jwt-t<wml grflfta, 
which •Mgg-Jff* tlifci tho human cclU retain Bomo lypo of Internal 
developmental •;lock Cox vhcif dltftfcniUtJoD ond znlkturation 
<OrwLbnn.Frodl ct aJ^ 1996, 1997). Indeed. Suliomi n «l aI. (1996) 
reported Ihol adult r»t neural progonUon tianiplfififod lo the 
SVZ* In «du(l TAfJ ATo dlaCrlbulcd along the cnTiro length of the 
RMS by 1 week, and by 8 vs^ck* -90% <^ Uic ccJU had reached 
Ox* bulb. SiraiJaxly. X-oli and Ah^arcx-Buy)l» (1994) obaervcd Chat 
SVZa progwJitor*. ImpUxit^d Snto ihc aduli SVZu. rcwch the bulb 
wlrhln 30 d after franjiplantotlon. Thc.c ob««rv«%lQa* mdlcatc that 
iho «U>w ona«t ond pfoiracicd ilroc coumc of xnigfuiion ol ilui 
hMffinn CClU f^rtctt intrinaic developmental ooAitmSrtM. 

In KJppoc-ropu, tho trontplp^icd cell* dUirttouied along the 
•ubgranular and grmntilax layer* of th«= depUtC gynW. AllhOUib 
CclU woro obje/ved olao In other .layers of tho dentate »nd the 
CA3 region. cJli c*px«»inc ncumnal markers occurred only 
-wflthln the .obcranolar or graftuU^ layers, .ugsestlog that the 
human progcniiora, plmitw to r4t hlppocampM and torcbcUar 
progenJloin (Gage ot »1.. lOOSt Vicurio-Ai«:jon et 1995), 
«ble to respond lo local cve,-« »peei/icttJly locallrod in thctc laycn. 
The traiiiiu;on xone bcT^vcoA the KJlu« and Uie granule cell layor 
i> ihc Bile where cndogcnota neuronal progcnitori are no/roully 
cenarmteU (AUman and Du*. 1966: Attmon m^d Bayor, 1990). 
orovid;nfi a *ourcc of new uronulo eoJJ» Uirou^hout Ur« (ICiph»n 
IniS Hind». 1977; C^n.^'^f* ^^^^^ »^vhn el aU iP^fi). Aji 

judged by roorpholoclcal criccria. I.e., .iic, ihapc, and dIctHbuiton 
of the eclU. »nd c«prcm-;c»n of cJj.rocicr^Mlc neuronal markers. 
Die gr«.fied progeoiior* arc induced by local .IgnuJs to expro«* 
neuronal fe.njfo* .Imllar to llio rc«idcni granuU ccU*. It rcmalod 
to be dcmoii5( fated, how^or. to wh»t extent ihetc newly foraed 
Acufona cau undcrso eempletc maturation nd -#tabU«h appro- 
priate a«on»| -nd dendritic connccttvtty. 

Cells oraftAd to tKe irtrtatum Q^norAtw» both 
riAurona orMl qIIo 

Eapre*»ion of neuronal marker* In iho vcriatal tron^plantP indi- 
cate that a fubftondiil fraction of tb« gT^tl^d human progcnitori 
h«d devclop^O lowatd a nouronal ph«notype. Morty of ibc Hu- 
po»lttv« cellc ^hhUi tho transplant core -v^crc »mail and round or 
vval In fthapo. umUaT lo tbo nouronat prct'UCtOTl nortnully prwixnl 
In the proliforativc *ubcp«itdyTT»a in rhc^adult br»«in. Tli<*c colU 
xi'ttX not cXpro»* any of iKo mOro maCuro neuronal markorc and 

ihcrctoro may be clfc«#(fl4d ai poorly dUfercndnicd neuronal prx»- 
curson. The GaD*,-, culbmdin-. and DARPPOi.po.Iri^ edl* 
were e*cJu*ivcly IpcMted at tho graft-ho»l border and within the 
adJ*«coAt hoft ftrlanim. op to a dUianca o< -^9.3-0*4 mm. Thv riro 
Mild »liupc of thc»o ccUj were ximUaf to tho racdium-atlcd ncuronj 
of the hont itrlntum. Many of iKcuc arc CABAergjc and *l»in 
P«#UIvcly ror CaD,,^; one «ubi:U»ii, tho *irUiaJ proJocUon ncu- 



yOnm, if funhor ch^rvcCcrtaccd by the c;«prc9«ion of calbtndin 
and/or DARPP-31. 

The«a data Jndtcale lhx*( tho human neural progoAlto/ri can 
undergo neuro|*eocvi3 OliO In tho titc normally non-Ocuro|cenic 
eavlronniont of (ho adult airtacutn and as^me nouconaJ phcno- 
type(«) aicniler to those 7&ormolly prevent hero btiC that in the 
abaence of suliablo substrates for ndgraUon they remain cImc cd 
tho Ixnplantjaion alte. IntcrDatinsly, tn tcctiona ptatncd with tho 
UTau antibody rooac of these newly formed neurons wore ^a«n to 
cjctcnd long o^on-llfco pCQCcssoa t^t could bo iracod along xho 
fcAClclAS of the InteXTsaJ capsule to tUc gtobua palUdutf Mid In some 
esaaj also Ibo entopodunculur nueJous. a divianca of ^2 mm« 

The c:&lls tha? migrated cTvcr longer dlsrancas wUhln the adult 
strUtutn were all Ku ncgaUvt: and of amnU clze. Marty pf them 
wcXC found ia S3ktell(ta poaldon to tho mcdlucn-alzed host srHacal 
naurons or close to blood veascU. auKs«»tlng that tbcy had a«. 
•u/oed a glUWiko phcnocypo (Fig. 9>. A mii;ratary capacity of 
immaturo glla (or glial procur»ors) within the adult CMS hus been 
rtfportcd Tor both astrocytes tmd oltgodcndrocycai by acveral 
iRwsdsafoTS (TJIakcjnorc and l^ranklio, 1991). £xtcn«ivc astro- 
cyte migration within the aduU atrlatuxn« sunilar in cjctont to tho 
one observed here, has previously been deicrlbed In tramcplMnU 
of huToan ncurrmsl progenitors (Svc«d»en et al.. 1997) and fro^hly 
dissociated human embryonic rtriacal and dlosiCaphQllc tissue 
(Pundr e* »l^ 1995). In thesa caaca the miEretory cclU appear to 
be cUal precursors in o proliforativa, migratory stage of their 
dcvcJopmenr. Conaistont wUh this, wc observed that ceJla toe&fed 
at progreCaively greater dldUinccs from the transplant GOtC Jiud 
}o^cr l^cls of BrdU tabcling than tho cells That romaincd at xho 
Implantation sUc, f uggesllni^ thai the rrilgratLog cclU continued to 
divide as iKcy dispersed within tho hon.i stnatal parenchyma. 

tmpllcntiona for br^lr^ rwpoir 

The human n«suro«pharo culcucts ore particularly suUabla for 
xransplantailon In that they can be harvested and Implunlcd 
without dlMOCistion and dotachment from a culrura subctrnK. 
Tho cultures uiod here had been expanded Up Co 10 million-fold, 
which means lhat each transplar^t of 100.000-200,000 cells In 
theory could be dcrl^d from a single cell In tho original CcU 
preparation. Because tho tn Wvo propoxtloi of the coIU were 
inUistioguJshabU ovor a wide rongo of parages (from 9 to 21). the 
ptoaont culture rystom could provide un almost tioliraltcd source 
of human ncurat progenitor colls for transplantation. 

Tho pnwoot results show that subpt>puUtlons of calU conUlned 
within tho human neucotfphoro oulturas CAD Tospond apprOprU 
otcty to rpodflc extracellular cues prosanl In each of the four 
target rcgUanJ tn Iho adult rat brain. Bocmiso iho human nouro* 
•phocv cultures sro likely to taantain a mlxturo of multipOlcol and 
llmrai^rotrtcted progcnltoro, tha apociiio mignttofy putlomft 
•ccn lo ihc al^ervni locations may be explained either by tho 
obUiiy of an undHroroniloiod atom coIl-Ilke cell to dilfcrentUtc 
alofiK aUcrriarUo neuronal or glial pathway* in rwponso to diverse 
local cues, or oJtemotCvoIy. by tho pfesecxCo of dUfcronl subpopu- 
Ifttloni of lines gc-rostrlctcd neuronal or glial prceursorj that wcro 
oJteady cotnmiltcd to n^ociflc jtcuronol or glial fates. Tho pfo«ont 
daXa *ocm compatlblo with both ahernntivcs. 

tn COncJu»ton, the long-term propagated human nctiral progen- 
itors described hero domonsLfoio a rerosrkAble capacity for ml« 
gralioa. Integration, and ■itc**pedHc dUTercntlalJort in tho adult 
braJn. The growth factor combloetlon usod hero acted to malo- 
tnin the progonliom os m conpiHiuti^cly prolUor-Ung cell pupuls- 
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lion v^ithout losing ibcir cmpncily to respond (O ihoso orvncellulw 
<«c* 60*^bUy pr^t in Ibo *dult CNS. With further reAnexnent 
Of Uic pn>ccdur<. e.g.. by application of cell cnrwihroent fcnd cell 
«mnK icchniquci. Ovis culrvrc ^y^wm Ttioy provido an oJmo.t 
unUmiied kjutco of human ncu/nl pro5Ciuior7 »t diffe^crtC .t»Rc* of 
UlffcfcmUiioo *nd lmc««o Teairlciion. ^uch cell* wUl be of fcro-l 
iniwfi ^^'^Oi w «xpcriroc«wa lool «/»d ftn altcnwiUc to 
pr Imaiy cmbryotiie brtiin tissuo for intracor«bral tr&ArfpI«»tiitiuiV. 
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One of the impediments to the treatment of brain tumors (e.g., 
gliomas) has been the degree to which they expand, infiltrate 
surrounding tissue, and migrate widely into normal brain, usually 
rendering them "elusive" to effective resection, irradiation, che- 
motherapy, or gene therapy. We demonstrate that neural stem 
cells (NSCs), when implanted into experimental intracranial glio- 
mas in vivo in adult rodents, distribute themselves quickly and 
extensively throughout the tumor bed and migrate uniquely in 
juxtaposition to widely expanding and aggressively advancing 
tumor cells, while continuing to stably express a foreign gene. The 
NSCs "surround" the invading tumor border while "chasing down" 
infiltrating tumor cells. When implanted intracranially at distant 
sites from the tumor (e.g., into normal tissue, into the contralateral 
hemisphere, or into the cerebral ventricles), the donor cells migrate 
through normal tissue targeting the tumor cells (including human 
glioblastomas). When implanted outside the CNS intravascularly, 
NSCs will target an intracranial tumor. NSCs can deliver a thera- 
peutically relevant molecule — cytosine deaminase — such that 
quantifiable reduction in tumor burden results. These data suggest 
the adjunctive use of inherently migratory NSCs as a delivery 
vehicle for targeting therapeutic genes and vectors to refractory, 
migratory, invasive brain tumors. More broadly, they suggest that 
NSC migration can be extensive, even in the adult brain and along 
nonstereotypical routes, if pathology (as modeled here by tumor) 
is present 

gene therapy [ transplantation j migration | brain tumors t vascular 

Malignant brain tumors, e.g., glioblastoma multiforme, remain 
virtually untreatable and inevitably lethal despite extensive 
surgical excision and adjuvant radio- and chemotherapy (1). Their 
treatment resistance is related to their exceptional migratory nature 
and ability to insinuate themselves seamlessly and extensively into 
normal neural tissue, often migrating great distances from the main 
tumor mass. These cells are responsible for the recurrent tumor 
growth near the borders of the resection cavity (1). It is this 
behavior that has also limited their accessibility to otherwise 
promising gene therapeutic vectors and interventions (2). Intrigu- 
ingly, one of the cardinal features of neural stem cells (NSQ) is 
their exceptional migratory ability (3-10). Indeed, it is their migra- 
tory capacity that has made them so useful in therapeutic paradigms 
demanding brainwide gene and cell replacement in various animal 
models of neurodegeneration, albeit usually in the newborn (8-10). 
We hypothesized that pathology promotes NSC migration to an 
extent not assumed possible based on knowledge drav^•n from the 
normal adult brain and that, therefore, an approach for targeting 
gene therapy to the most migratory tumor cells in the adult central 
nervous system (CNS) might be the use of inherently migratory 
NSCs to deliver therapeutic genes and/or their products. 

Experimental Methods 

In Vitro Migration Studies. CNS-1 is a virulent, invasive rat-derived 
glioblastoma cell line. Cells engineered to express green fluorescent 
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protein (GFP) as previously described (11, 12) were plated ii> 
60-70% confluence onto 100-mm culture dishes around a central 
5-mm metal cylinder that was sealed and, therefore, remained 
cell-free. The plate was incubated overnight, by which time the 
glioma cells had attached. A suspension of 4 x 10^ dissociated 
fibroblasts (in control dishes) or murine NSCs (in experimental 
dishes) were seeded into the central cylinder (i.e., no direct contact 
with CNS-1 cells) (Fig. 1, arrowheads). A similar number of 
fibroblasts or NSCs, respectively, were placed into a 5-mm cylinder 
placed directly on top of the adherent CNS-1 monolayer nr.d 
cultured as before (at extreme right edge of plates) (Fig. 1, arrows). 
The fibroblasts (clone TR-10) were derived from 3T3 cells infected 
with a retroviral vector encoding lacZ. The murine NSCs were 
derived from the prototypical constitutively /^cZ-expressing helper 
virus-free murine NSC clonal line C17.2 (8-10, 13), which, because 
of its well-documented ability to integrate into most CNS structures 
and in a number of normal and abnormal animal models, has been 
useful for delineating the range of therapeutic possibilities for NSCs 
(8-10, 13). (Although self-renewing, NSQ become contact inhib- 
ited; never grow in soft agar; are nontumorigenic in nude mice; fiti! 
to incorporate BrdUrd after 48 h in vivo; and respond to norni;i! 
cues for cell cycle withdrawal, differentiation, and interaction with 
host cells.) Tlie day after plating of fibroblasts and NSCs, the 
cylinders were removed, and the dishes were rinsed and incubated 
for an additional 5 days. Dishes were stained for the lacZ gene 
product Escherichia coli )3-gaIactosidase ()3-gal) by 5-bromo-4- 
chloro-3-indoIyl /3-D-galactoside (X-Gal) histochenustry (8). 

Animal Studies in Vivo, For some studies, not only were murine 
NSCs (CI 7.2) used but also some of human derivation were used 
(5). To establish intracranial tumors, either the CNS-1 r;ii 
glioblastoma line (11, 12) or the HGL21 human glioblastoma 
line (14) was implanted into the brains of adult female nude 
mice, or the D74 glioma line was implanted into the brains of 
adult female Fisher rats by using procedures previously de- 
scribed (15). Briefly, animals received stereotactically guided 
injections over 3-5 min into the forebrain (2 mm lateral and I 
mm anterior to bregma; depth 2-4 mm from dura) of tumor cells 
(of a number specified below) suspended in 1 fil of PBS. Ar^imal^ 
receiving a second implant at a later date of NSCs or fibroblasts 
[suspended in PBS at 2-4 X lO'* cells per fi\ as detailed elsewhere 
(8-10; 13)] were injected stereotactically with cells in a quantn> 
and location to yield the various paradigms described below. On 
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Fig. 1. Migratory capacity of NSCs in culture. CNS-1 glioblastoma cells were 
plated around a central cylinder (i.e., free of CNS-1 cells). Fibroblasts (A) or 
NSCs (B) were seeded into the center cylinder (i.e.. no direct contact with CNS-1 
ceils) (arrowheads) or into cylinders placed directly on top of adherent tumor 
cells (at the extreme right edge of plates; arrows). After removal of the 
cylinders and 5 additional days of incubation, there was wide distribution of 
blue X-Gal+ NSCs (B), compared with fibroblasts (A), which remained localized 
to their area of initial seeding. 



the days specified below, the brains were processed as detailed 
below (e.g., for p-gal, GFP, BrdUrd, human markers, and/or cell 
type-specific antigen expression). CD-I mice, when used, re- 
ceived daily cyclosporin injections (10 ftg/g)- 

Specific Protocols for in Vivo Experiments. NSC implantation directly 
into tumor bed (Fig. 2, Paradigm ;). On day 0, recipients received 
injections of tumor cells (3-4 x 10^ in 1 p-l of PBS) into the right 
frontal lobe. On day 4-6, NSCs or fibroblasts (4-10 x 10^ in 1.5 
jxl of PBS) were injected directly into the tumor bed, using 
identical coordinates. Recipients were killed on days 6-9, 10-12, 
14-16, and 21 after tumor implantation. 

NSC implantation at distant intracranial site from tumor bed: In 
same hemisphere (Fig. 3, Paradigm 2). On day 0, recipients re- 
ceived injections of glioblastoma cells (3 X IC* in 1 pX of PBS) 
into the right frontal lobe. On day 6, NSCs (4 X 10^ in 1.5 ^1 oi 
PBS) were injected also into the right frontoparietal lobe at the 
following coordinates: 3 mm lateral and 4 mm caudal to bregma; 
depth 3 mm from dura— i.e., 1 mm lateral and 4 mm behind the 
tumor. Animals were killed on days 12 and 21. 

In contralateral hemisphere (Fig, 3, Paradigm 3), On day 0, 
recipients received injections of glioblastoma cells (3-5 X 10^ in 
1 pX of PBS) into the right frontal lobe (2.5 mm lateral and 2 mm 
caudal to bregma; depth 3 mm from dura). On day 6, NSCs (8 x 
10^ in 2 p\ of PBS) were injected into the left frontal lobe at the 
following coordinates: 2 mm lateral and 2 mm caudal to bregma; 
depth 3 mm from dura. Animals were killed on days 12 and 21. 

Into ventricles (Fig. 5, Paradigm 4). On day 0, recipients received 
injections of glioblastoma cells (5-8 X 10^ in 1 ^1 of PBS) into 
the right frontal lobe (2 mm lateral to bregma on the coronal 
suture; depth 3 mm from dura). On day 6, NSCs (8 x 10^ in 2 
p\ of PBS) were injected into the contralateral or ipsilateral 
cerebral ventricle at the following coordinates on the respective 
side: 1 mm lateral and 3 mm caudal to bregma; depth 2 mm from 
dura. Animals were killed on days 8, 12, and/or 21. 

NSC implantation into a peripheral, intravascular site (Fig. 4, 
Paradigm 5). On day 0, adult nude mice received injections of 
CNS-1 glioblastoma cells (1 X 10^ in 2 p\ of PBS) into the right 
frontal lobe. On day 7, murine NSCs (2 x 10^ in 200 ^l1 of PBS) 
were injected into the tail vein. Animals were killed on day 12. 

Retroviral Transduction of NSCs with Cytosine Deaminase (CD). A 

plasmid using the retroviral pBabePuro backbone (16) was 
constructed to include the £. coli CD cDNA (1.5-kb fragment) 
transcribed from the long terminal repeat. Vectors were pack- 
aged by cotransduction of the CDpuro plasmid with the MV12 
envelope coding plasmid cDNA (17) into 293T/17 cells (18). 
CDpuro retroviral supernatant was used for multiple infections 
of the murine NSCs. Transduced NSCs ("CD-NSCs'') were 
placed under puromycin selection for «=2 wk. 




Fig. 2. NSCs migrate extensively throughout a brain tumor mass in vivo and 
"trail" advancing tumor cells. Paradigm 1 is illustrated schematically. Section of 
brain under \o>n (A) and high (B) power from an adult rat killed 48 h after NSC 
injection into an established D74 glioma, processed with X-Gal to detect blue- 
staining ^-gaI-producing NSCs and counterstained with neutral red to show dark 
red tumor cells; arrowheads demarcate approximate edges of the tumor mass 
where it interfaces with normal tissue. Donor X-Gal* blue NSCs (arrows) can be 
seen extensively distributed throughout the mass, interspersed among the red 
tumor cells. (Q Tumor, 10 days after NSC injection, illustrating that although 
NSCs (arrow^s) have infiltrated the mass, they largely stop at the junction between 
tumor and normal tissue (arrowheads) except where a tumor cell (dark red. 
.elongated) is entering normal tissue; then NSCs appear to "follow" the invading 
tumor cell into surrounding tissue (upper right arrow). This phenomenon be- 
comes more dramatic when examining NSC behavior in a more virulent and 
aggressively invasive tumor, the CNS-1 glioblastoma in the adult nude mouse, 
pictured in D.This section illustrates extensive migration and distribution of blue 
NSCs (arrows) throughout the infiltrating glioblastoma up to and along the 
infiltrating tumor edge (red arrowheads) and into surrounding tissue ir> juxta- 
position to many dark red"" tumor cells invading normal tissue. The "tracking" of 
individual glioblastoma cells is examined in greater detail In £-t, where CNS-1 
cells have been labeled ex vivo by transduction with GFP cDNA. (f and F) Sister 
seaions showing a low power view of transgene-expressing NSCs distributed 
throughout the main tumor mass to the tumor edge (outlined by arrowheads). 
Sections were either costained with X-Gal (NSa, blue) and neutral red (tumor 
cells, dark red and elongated) (£) or processed for double immunofluorescence 
using an anti-^-gal antibody (NSCs. red) and an FlTC-c on ju gated anti-GFP anti- 
body (glioblastoma cells, green) (f). Low (G) and high (H) power views of tumor 
edge (arrowheads) with blue NSCs (blue arrow) in immediate proximity to and 
intermixed with an invading tumor "island" (dark red spindle-shaped cells) (red 
arrow). (/ and J) Low and high power views, respeaively (boxed area in I is 
magnif ied in A of a blue NSC in direct juxtaposition to a single migrating neutral 
red*, spindle-shaped tumor cell (arrow), the NSC "riding" the glioma cell in 
"piggy-back" fashion. {K and 0 Low and high power views, respectively, under 
fluorescence microscopy, of single migrating GFP^ tumor cells (green) in juxta- 
position to p-gar NSCs (red). Region Indicated by white arrow in K and magnified 
in i illustrates NSO apposed to tumor cells migrating away from the main tumor 
bed. (Scale bars: A 40 ^m. 30 ^m in B; C, 30 ^xm. 25 in D: E, 90 100 ^m in 
f; H, 15 Mm, 60 in G; I 30 ^m, 60 ^m in /, 70 in K, 35 fim in L) 
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Fig. 3. NSCs implanted at various intracranial srtes distant from main tumor bed 
migrate through normal adult tissue toward glioma cells. (A and B) Same hemi- 
sphere but behind tumor (Paradigm 2). Shown here is a section through the 
tumor from an adult nude mouse 6 days after NSC implantation caudal to tumor. 
In A (as per the schematic, a coned down view of a tumor populated as pictured 
under low power In Figs. and 3 and B), note X-Gal* blue NSCs interspersed 
among dark neutral red* tumor cells. (B) High power view of NSCs in juxtaposi- 
tion to islands of tumor cells. (C-H) Contralateral hemisphere (Paradigm 3). (C-f) 
As indicated on the schematic, these panels are views through the corpus callo- 
sum ("c") where 0-gal* NSCs (red cells, arrows) are seen migrating from their site 
of implantation on one side of the brain toward tumor on the other. Two 
representative NSCs indicated by arrov^fs in Care viewed at higher magnification 
inDandf, respectively, to visualize the classic elongated morphology and leading 
process of a migrating neural progenitor oriented toward its target. In F, p-gal* 
NSCs (red) are "homing in" on the GPP* tumor (green) having migrated from the 
other hemisphere. In G, and magnified further in H, the X-Ga I blue NSCs (arrows) 
have now actually entered the neutral red"^ tumor (arrowheads) from the oppo-' 
site hemisphere. (/ and J) Intraventricular (Paradigm 4). Shovm here is a section 
through the brain tumor of an adult nude mouse 6 days following NSC injection 
into the contralateral cerebral ventricle. In /, as per the schematic, blue X-Gal* 
NSCs are distributed within the neutral red"^ main tumor bed (edge delineated by 
arrowheads). At higher power in J. the NSCs are in juxtaposition to migrating 
islands of red glioblastoma cells. Fibroblast control cells never migrated from their 
injection site in any paradigm. All X-Gal-positivity was corroborated byanti-^-gal 
immunoreactivity. (Scale ban A, 20 fim, and applies to C; B, 8 ;i,m, 14 fim in D and 
E, 30 fun in F and G, 1 5 /im in H, 20 ^im in /, and ^ 5 |im in J.) 



Oncolysis Assays of CD Bioactivity. For in vitro assays, CNS-1 cells 
(2 X 10^) were plated onto 10-cm dishes (day 1). On day 2, 
murine or human CD-NSCs (5-10 x 10^) were added. On day 
3, 5-f luorocytosine (5-FC, 500 Mg/j"0 was added. Control dishes 
included (/) cocultures with no 5-FC and (//) tumor cells alone 
with 5-FC. On day 6, plates were stained by means of X-Gal 
histochemistry to visualize NSCs and with neutral red to visu- 
alize tumor cells (Fig. 6 A and B). The number of tumor cells was 
extrapolated from the average of 20 random high power fields 
per plate. For in vivo assays, animals bearing CNS-1 cells (7 X 
10^) alone or CNS-1 cells interspersed with CD-NSCs (3.5 x 10*) 
received 10 i.p. injections of 5-FC (900 mg/kg) over 10 days. 
Control tumor-bearing animals received no 5-FC, 5-FC without 
NSCs, or NSCs without 5-FC One day after the last 5-FC dose, 
the brains were cryosectioned and stained with X-Gal and 
neutral red, and measurements of the tumor were made from 
camera lucida drawings of the mass from interval sections 
through the tumor from which relative surface areas were then 
calculated by image analysis (Fig. 7). 




Fig. 4. NSCs injected into tail vein "target" intracerebral gliomas. Paradigm S 
is illustrated. (A-O Progressively higher power views of representative 10-/im 
sections through the brain 4 days after NSC injection, processed with X-6al 
histochemistry (A) and anti-p-gal immunocytochemistry {B and O to identify 
donor NSCs and counterstained with neutraf red to delineate the tumor border. 
(The 0-gal immunoproduct, in addition to providing independent identity con- 
firmation, typicallyf ills cells and processes much better than X-Gal.) At low power 
(A), X-Gal + NSCs (representative X-Gal precipitate enlarged in Inset) are distrib- 
uted throughout the tumor but not in surrounding normal tissue. Sister sections, 
reacted with an anti-0-gal antibody and visualized at higher power in B and 
further magnified in C confirm the presence of donor-derived cells (arrow) within 
the tumor. (Scale ban A, 25 /im, 20 fim in B, and 12 fun in C) 

BrdUrd Uptake by Engrafted NSCs. Selected animals received three 
i.p. injections of BrdUrd (1 ml/100 g body weight of a 20 
stock solution) over 24 h before sacrifice. 

Histopathological and Immunocytochemical Analysis. On the days 
specified in the paradigms above, animals were killed, and 10- to 
15-/xm serial coronal cryosections from 4% paraformaldehyde- 
fixed brains were processed for light microscopy with X-Gal 
histochemistry to identify /flcZ-expressing blue donor cells (8- 
10, 13) and counterstained with neutral red to detect distinctively 
dark red, elongated tumor cells (2). Sister sections were prepared 
for dual-filter immunofluorescence where an anti-^-gal antibody 
was revealed with a Texas Red-conjugated secondary antibody 
(1:1,000; Vectastain) (to identify donor cells as red) (8-10, 13), 
and an anti-GFP antibody (1:500; CLONTECH) was revealed 
with an FITC-conjugated secondary antibody (1:1,000; Vec- 
tastain) (to recognize CNS-1 tumor cells as green). BrdUrd"^- 
intercalated cells were identified by an anti-BrdUrd antibody (5). 
Sections containing human NSCs were additionally stained with 
multiple human-specific antibodies, including against to ribo- 
nuclear protein (Chemicon, 1:20), against NuMA (Chemicon, 
1:40 and Calbiochem, 1:400), and against the human EGF 
receptor (Upstate Biotechnology, 1:100), revealed by a biotin- 
ylated goat anti-mouse IgM (1:250, Vectastain) followed by 
the standard ABC and diaminobenzidine (DAB) reaction 
(Vectastain). 

Results 

This study's focus was documenting the migratory behavior of NSCs 
[specifically those reported to be effective delivery vehicles for 
genes (5, 8) and viral vectors (10)] in relation to aggressively invasive 
experimental intracranial tumors in adult brain and then to arm 
some of these cells with a bioactive, therapeutic gene requiring 
relative proximity to tumor cells (allowing oncolysis to be a measure 
of the efficiency and specificity of gene expression). 

Migratory Capacity of NSCs in Culture. To visualize the migrator) 
properties of NSCs when confronted with a tumor, in vitro studies 
first assessed the relative migratory capacity of NSQ compared 
with fibroblasts cocultured with glioma cells. In contrast to fibro- 
blasts, which remained localized to the area of initial seeding (Fig. 
lA), NSCs migrated rapidly and interspersed throughout the 
glioma monolayer, far from their initial site of seeding, robustly 
expressing lacZ (Fig. LB). These patterns were observed whether 
the cells were plated directly on top of (i.e., in direct contact with) 
the glioma cells (arrows) or merely within the same culture medium 
and environment without direct contact (arrowheads). The mign^' 
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ing NSCs then became contact-inhibited and quiescent (do not 
incorporate BrdUrd; ref. 5). 

NSCs Migrate Throughout and "Surround" Tumor In Vivo, To deter- 
mine the behavior of NSCs introduced to brain tumors in vivo, adult 
rats first received an implant of syngeneic D74 rat glioma cells (19) 
into the right frontal lobe. Four days later, /acZ-expressing murine 
NSCs were injected directly into the tumor bed (Paradigm 1, Fig. 
2). Animals were killed at 2- to 4-day intervals after intratumoral 
injection and brain sections processed to detect )3-gal-producing 
NSCs. As early as 2 days after injection, X-Gal"^ blue donor NSCs 
were found distributed extensively throughout the darkly neutral 
red-stained tumor mass (Fig. 2A). Although the transgene- 
expressing NSQ remained stably intermixed throughout the tumor 
(Fig. 2By arrows), up to and along the infiltrating tumor edge, they 
largely stopped at the border of the tumor where it interfaced with 
normal tissue (Fig. 2C, arrowheads) as if "surrounding" the ad- 
vancing neoplasm. Normal adult parenchyma presented a less 
permissive migratory environment to NSCs, except under one 
circumstance: where tumor cells began to infiltrate normal brain. In 
those instances, the NSCs migrated slightly beyond the tumor edge 
in conjunction with — as if following or "trailing" — individual 
infiltrating tumor cells (Fig. 2C, arrow). This phenomenon was most 
dramatic when examined in the context of the more virulent and 
aggressively infiltrative CNS-1 glioblastoma cell line (11) (Fig. 2D), 
which, in adult nude mice, demonstrates single cell invasive char- 
acteristics analogous to those of human glioblastomas. After im- 
plantation as per Paradigm 1, extensive migration and distribution 
of P-gal"*" donor ceUs was again noted throughout the darkly 
red-stained infiltrating tumor mass, up to, and along the encroach- 
ing tumor edge (red arrowheads), with further migration into the 
surrounding tissue in concert with and in virtual juxtaposition to 
aggressively invading tumor cells (Fig. 2D, black arrows). 

NSCs "Track" Infiltrating Tumor Ceils. To better distinguish single 
tumor cells migrating away from the main tumor mass, CNS-1 
glioblastoma cells were labeled ex vivo by retroviral transduction of 
GFP cDNA before implantation (12). After implantation (as per 
Paradigm 1) of /flcZ-expressing NSCs into the GFP-expressing 
CNS-1 tumor bed (Fig. 2 £-L), NSCs could not only be seen to 
distribute themselves throughout the tumor to its invading edge 
(Fig. 2 E and F), but could even more clearly be seen to "trail" 
islands of tumor cells migrating away from the main tumor mass 
(Fig. 2 G and H) as well as individual aggressive, dark red, or GFP'^, 
elongated infiltrating tumor cells (Fig. 2 /-L). Of note is the 
frequently observed apposition of transgene-expressing NSC3s to 
invasive tumor cells (Fig. 2 J-L, arrows). The NSCs themselves 
never became tumorigenic. BrdUrd pulsing of animals before 
sacrifice confirmed prior observations that donor NSCs were 
quiescent in normal tissue (5), nonmitotic (i.e., BrdUrd") in the 
heart of the tumor, and with an occasional NSC that could still 
incorporate BrdUrd at the advancing edge, a situation optimal for 
targeting therapy toward invading tumors. The vast majority of 
NSCs remained not only quiescent but undifferentiated, expressing 
only nestin. 

NSCs Implanted tntracranially at Distant Sites Migrate Toward Tumor. 

To determine whether NSCs have the capacity to migrate specif- 
ically toward the tumor, NSCs were injected into uninvolved 
intracranial sites distant from the main tumor mass in three 
separate paradigms (Fig. 3). In each case, donor NSCs migrating 
through normal adult tissue "targeted" the tumor. In Paradigm 2, 
NSCs were injected behind the glioblastoma, NSCs were always 
found distributed within the main tumor bed, as well as in appo- 
sition to migrating tumor cells in surrounding tissue (Fig. 3 A and 
B), with very few NSCs in other locations. In Paradigm 3, murine 
NSCs were injected into the contralateral hemisphere. NSCs (flu- 
orescent red or X-Gal"^ blue) were seen migrating across the corpus 




Fig. 5. Human NSCs (hNSCs) possess tumor tracking characteristics. iA and B) 
Rodent CN$-1 glioblastoma cells and human NSCs were implanted as per Para- 
digm 3 into opposite hemispheres of an adult mouse. Pictured 7 days later at low 
power iA) and high power (B) is a section through the neutral red-stained tumor 
(outlined by arrowheads) intermixed with human NSCs (identified by their brown 
nuclei following reaction with an anti-human nuclear antibody) (arrows) that 
migrated from the contralateral side. (C-£) Human HGL21 glioblastoma cells and 
hNSCs were similarly implanted into opposite hemispheres. Pictured at progres- 
sively higher power are sections through that neutral red-stained tumor inter- 
mixed wKh human NSCs (X-Gal* blue) that migrated from the contralateral side. 
(Scale bars: A 20 /im, 1 5 ;im in fi; C 60 30 ^ in D, and 1 5 fim in f .) 



callosum and central commissures (Fig. 3 C-£, arrows) toward the 
tumor (fluorescent green or dark neutral red"^ masses delineated by 
arrowheads in Fig. ultimately entering and populating (Fig. 3 
G and H, arrows) the tumor on the opposite side of the brain. In 
Paradigm 4, NSQ were injected into the ipsilateral or contralateral 
cerebral ventricle. NSCs (blue) again were seen within the main 
tuihor bed (Fig. 37), as well as in juxtaposition to migrating "islands" 
of tumor cells (dark red) (Fig. if). The only source of blue cells in 
these paradigms was the "distant" NSC implant. Very few NSC- 
derived ceils were found in normal brain tissue beyond the injection 
site, except when tracking toward the main tumor mass or near 
infiltrating tumor cells, suggesting that, whereas NSCs migrated 
freely within the tumor, the normal adult brain parenchyma pre- 
sented a less permissive environment for migration. The NSCs 
themselves never became tumorigenic. The tumors in transplant 
recipients were never larger than those in non-transplant recipients. 
NSC-derived cells continued to express their lacZ transgene exu- 
berantly, often in direct contact with tumor cells. These NSC 
behaviors appeared to be independent of the size or location of the 
tumor; findings were similar for large tumors, small tumor foci, and 
even single scattered tumor cells surrounding the main tumor mass. 
Fibroblasts grafted as controls never showed this dispersion or 
tropism, consistent with previous reports (15). 

NSCs Injected into Systemic Circulation "Target" Intracerebral Glio- 
mas. Murine NSCs were injected into the tail vein of adult nude 
mice in which a CNS-1 glioblastoma had been established 1 wk 
before in the frontal lobe. Four days after i.v. NSC injection, albeit 
with low efficiency, anti-/3-gal+ NSCs were distributed throughout 
the intracerebral tumor mass, but were not found in surrounding 
normal-appearing brain tissue, elsewhere in the brain, or in the 
brains of control animals (NSC-injected mice without intracerebral 
gliomas or tumor-bearing mice in the absence of NSC-injection). 

Human NSCs and NSCs Expressing a Therapeutic Gene Migrate to 
Tumors. Because of the clinical implications of these migratory 
phenomena, we asked two further questions: (/) did these migratory 
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Fig. 6. Bioactive transgene (CD) remains functional (as assayed by in vitro 
oncolysis) when expressed within NSC$. CNS-1 glioblastoma cells (red) were 
cocultured with CD-transduced murine NSCs CA and B) (blue). Cocultures unex- 
posed to 5-FC grew healthily and confluent (A), whereas plates exposed to 5-FC 
showed dramatic loss of tumor cells (B), represented quantitatively by the histo- 
grams (*. P < 0.001). The oncolytic effect was identical whether 1 x 10^ CD-NSCs 
or half that number were cocultured with a constant number of tumor cells, (In 
this paradigm, subconf luent NSCs were still mitotic at the time of 5-K exposure 
and thus also subject to self-elimination by the generated 5-fluorouracil and its 
toxic metabolites.) 



properties extend to human NSCs? and (//) could relevant bioactive 
genes be expressed? 

In answer to the first, human NSQ (brown nuclei, arrows in Fig. 
5 A and B) transplanted into the hemisphere contralateral to a 
CNS-1 glioma (Paradigm 3) indeed migrated across the corpus 
callosum and infiltrated and distributed themselves throughout the 
targeted tumor (arrowheads) as previously observed. That human' 
NSCs could similarly target a true human glioblastoma is suggested 
in Fig. 5 C-£ in which Paradigm 3 was repeated employing human 
NSCs implanted contralateral to an HGL-21-derived tumor estab- 
lished in the nude mouse cerebrum; again, human NSCs migrated 
from one hemisphere to the other to infiltrate the glioblastoma. 

To address the second question, NSQ were stably transduced 
with a transgene encoding the enzyme CD. CD can convert the 
nontoxic "prodrug'' 5-FC to the oncolytic drug 5-fluorouracil, a 
chemotherapeutic agent that readily diffuses into tumor cells and 
has selective toxicity to rapidly dividing cells (18, 19). The CD gene 
provided an opportunity to examine a prototypical bioactive gene 
with a relevant, specific, quantifiable read-out of functionality 
(oncolysis) that might be enhanced by tumor proximity. CD-bearing 
NSCs retained their extensive migratory, tumor-tracking proper- 
ties. To determine quantitatively whether a gene such as CD within 
an NSC retains its bioactiviiy— as assayed in this case by its 
anti-tumor effect— CD-bearing NSCs were first cocultured with 
glioma cells and then, when nearly confluent (Fig. 6/1), exposed to 
5-FC Death of surrounding tumor cells was induced (Fig. 6B), even 
when the ratio of NSCs-io-tumor cells was as low as 1:4. NSCs that 
were mitotic at the time of 5-FC exposure self-eliminated. Control 
plates of tumor alone were not significantly killed by the same dose 
of 5-FC. To determine whether this bioactivity was retained in vivo, 
we used CD-transduced NSCs to express this gene within an 
intracranial glioma established in an adult nude mouse {35 X 10^ 
NSCs to 7 X 10^ CNS-1 tumor cells in a 1:2 ratio). After sj^stemic 
treatment with 5-FC, there was dramatic («=80%) reduction in the 
resultant tumor mass at 2 wk postimplantation as compared with 
that in untreated animals (Fig. 7), indicative of CD bioactivity. 




Fig. 7. Expression of a bioactive transgene (CD) delivered by NSCs is retained in 
vivo as assayed by reduction in tumor mass. The size of an intracranial glioblas- 
toma populated with CD-NSCs in an adult nude mouse treated with 5-FC was 
compared with that of tumor treated with 5-FC but lacking CD-NSCs. These data, 
standardized against and expressed as a percentage of a control tumor popu- 
lated with CD-NSCs receiving no treatment are presented in the histograms in A. 
These measurements were derived from measuring the surface area of tumors 
{like those in Figs. 2-5), representative camera lucidas of which are presented in 
B-D. Note the large areas of a control non-5-FC-treated tumor containing CD- 
NSCs (e) and a control 5-FC-treated tumor lacking CD-NSCs (O as compared with 
the dramatically smaller tumor areas of the 5-FC-treated animal who also re- 
ceived CD-NSa (D) (-80% reduction as per the histogram in A; *. ^ < 0.001), 
suggesting both activity and specificity of the transgene. The lack of effect of 5-FC 
on tumor mass when no CD-beartng NSCs were within the tumor (Q was identical 
to the effect of CD-NSCs in the tumor without the gene being used (B). 



Discussion 

Transplanted NSCs have recently been recognized for their re- 
markable ability to migrate throughout the CNS, become normal 
constituents of the host cytoarchitecture, and disseminate bioactive 
molecules and retroviral vectors (3-10). Intriguingly, this migratory 
ability emulates the invasive spread of some brain tumors, e.g., 
gliomas. Here, we show that an unanticipated benefit of the 
directed, migratory capacity of transgene-expressing NSCs, includ- 
ing of human origin, may be to target invasive primary brain tumors 
(also including of human origin) that have proven refractory to 
current treatments (1, 2). Most gene therapy strategies employ viral 
vectors to deliver genes directly to tumor cells in vivo; however, the 
distribution of genes to the extensive regions and large numbers of 
cells in need of attack has been limited. The present study dem- 
onstrates the ability of NSCs to migrate expeditiously throughout a 
tumor mass and, presumably drawn by the degenerative or inflam- 
matory environment created at the infiltrating tumor edge, to 
"surround" the invading tumor border, all while continuing to 
express a bioactively relevant transgene. Moreover, the foreign 
gene-expressing NSCs seem to follow or "track"— virtually ride 
"piggy-back" upon— those aggressively infiltrating tumor cells es- 
caping into normal tissue. Although the NSCs migrate freely 
through the tumor, the normal adult brain parenchyma seems to 
present a less permissive environment for their migration, except 
when NSCs (even at sites distant from the tumor) travel in a 
directed fashion through normal adult CNS tissue to target the 
main tumor mass as well as individual infiltrating, tumor cells. The 
practical implication is that NSCs might actually "seek out" tumor 
foci that may have migrated undetected far away from the main 
tumor mass, not an uncommon occurrence with glioblastoma. Such 
behaviors are not displayed by cells of nonneural origin (15). 
Indeed, targeting may be so powerful that even NSCs injected into 
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the systemic circulation may preferentially populate intracerebral 
gliomas. 

Hence, NSQ evince extensive tropism for the tumor itself or for 
the degenerating CNS it engenders. That the tumor itself elaborates 
at least some of the tropic cues is suggested by our in vitro studies 
in which glioma cells in culture, isolated from surrounding brain, 
prompted NSCs to migrate, by both contact and non-contact- 
mediated factors. Alternatively, or in addition, tropic cytokines may 
be released by extensively damaged normal tissue. That minor CNS 
destruction alone could not prompt the dramatic migration seen in 
vivo was suggested by NSC transplants into "mock" tumor bearing 
animals, i.e., animals in which a needle was inserted to emulate the 
tissue damage of establishing an experimental tumor bed but 
without the actual implantation of glioblastoma cells; NSCs did not 
migrate toward the site in this circumstance. Nevertheless, in other 
previously reported experimental situations in which significant 
neuronal death was rendered (13), NSC differentiation was altered 
by apparent trophic influences. Therefore, the signals to which the 
NSCs are responding are most likely complex, from multiple 
sources, and representing a "mixture" of attraclants, adhesion and 
substrate molecules, chemokines, etc. Of broader biological signif- 
icance, these findings suggest that migration can be unexpectedly 
extensive, even in adult brain and along nonstereotypical routes, if 
pathology (as modeled here by tumor) is present. 

Having documented this powerful tropic interaction between 
NSCs and intracranial pathology, we believe that exogenous NSCs, 
genetically engineered ex vivo and strategically implanted, may 
provide a "platform" for the dissemination of therapeutic genes 
and/or gene products to previously inaccessible infiltrating tumor 
cells. As suggested in our CD/5-FC prodrug paradigm, NSCs were 
able to express a bioactive transgene in vivo to effect a significant 
biologically relevant read-out (dramatic reduction in tumor bur- 
den). Cytotoxic 5-fluorouracil and its toxic metabolites can readily 
diffuse into surrounding tumor cells giving CD an impressive 
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"b)'stander' effect; as little as 2% of the tumor mass containing 
CD-expressing cells may generate significant oncolysis (22). Indeed, 
NSCs engineered to express CD are attractive as molecular pumps 
because they can generate agents that kill tumor cells yet undergo 
self-elimination should the NSCs themselves become mitotic. This 
prototypical genetic strategy represents one of many potential 
approaches to treating brain tumors with migratory genetically 
engineered NSCs. Other candidates include genes encoding: pro- 
teins that induce differentiation of neoplastic cells and/or their 
signal-transduction mediators; cell cycle modulators; apoptosis- 
promoiing agents; anti-angiogenesis factors; immune-enhancing 
agents (23); fusion agents; and oncolytic factors (24). That these 
same engraftable migratory NSCs have been demonstrated to serve 
as intracerebral viral vector producer cells (10) may allow "extend- 
ed" delivery of lethal viral-mediated genes to larger numbers of 
tumor cells in broader regions of brain. Instilled into the resection 
or biopsy cavity, or applied intermittently into or near the tumor 
mass or suspicious tissue or into cerebral ventricles, engineered 
NSCs could be used in conjunction with other interventions. An 
NSC-based strategy— responding to the altered biology of the 
abnormal adult brain and by virtue of their unique inherent 
biology — may both optimize present approaches and make feasible 
new ones for more effectively, selectively, and safely targeting genes 
and vectors to refractory, migratory, invasive brain tumors. 
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The discovery of stem cells that can generate neural tissue has raised new possibilities for repairing the 
nervous system. A rush of papers prodaiming adult stem celt plasticity has fostered the notion that there is 
essentially one stem cell type that, with the right impetus, can create whatever progeny our heart, liver or 
other vital organ desires. But studies aimed at understanding the role o( stem ceils during development have 
led to a different view — that stem cells are restricted regionally and temporally, and thus not all stem cells 
are equivalent Can these views be reconciled? 



The discovery of neural stem cells was rooted in 
classic studies of haematopoie&is and of 
invertebrate neural de\'elopment, which 
inspired examination of single neural 
progenitor cells. (In this review, I will use the 
term 'progenitor cell* to refer to all classes of immature, 
proliferating cells. Neural s\em cells are a subtype of 
progenitor cells in the nervous system that can self- renew 
and generate both neurons and glia.) The early studies led 
to the isolation of stem-like cells from the embryonic 
mammalian central nervous s^'stem (CNS)^"^ and the 
peripheral nervous system (PNS)*\ Since then, stem cells 
have been isolated from many regions of the embryonic 
nervous system* indicating their ubiquit)* (Fig. la). After 
the discovery of neural stem cells in the embryo, the first 
isolation of stem-like cells from aduh brain*"^ began yet 
another chapter of neuroscience. Adult neural stem cells 
have now been found in the two principal adult 
neurogenic regions, the hippocampus and the 
subventricular zone (SVZ), and in some non-neurogenic 



regions* including spinal cord'^'** (Fig. la). These | 
pioneering studies provided a cellular mechanism for 
adult neurogenesis, which was well-established in birds j 
and becoming accepted in mammals, and raised the | 
possibility that the most intractable of tissues — the CNS 
— might have regenerative powers. ; 

Markers that define CNS stem cells are only now being 
developed* Hence, they are usually identified retrospec- ; 
lively on the basis of their behaviour after isolation. In • 
adherent cuhures, CNS stem cells produce large clones ' 
containing neurons, glia and more stem cells; they can also | 
be cultured as floating, muhiceilular Deurospheres*^*^ PNS 
neural crest stem cells express the low-affinity neuroirophin 
receptor p75 (ref. 5), and grow as adherent clones contain- 
ing peripheral neurons and glia, smooth muscle cells and 
more stem cells'*. 

This review summarizes what we currently know about 
stem cells in the developing nervous s)'stem, and evaluates 
the idea that embryonic neural stem cells are heterogeneous 
and restricted. Studies that indicate broad plasticit)' of adult 



Figure 1 The location of neural stem cells, 
a. The principal regions of the embryonic and 
adult ryervous systern from which neural stem 
cells have been bolaiecf b. Three 
mo(tets describing stem cells in the vertebrate 
neural plate. Alt neumi plate celts are stem 
cells Oeft), or stem cells are a minor population 
thai Is evenly dlstribued (middle) or tocated in 
particular regions such as the midline and 
lateral edges (righQ. Factors such as bone 
morphogenetic proteins (BMPs). Noggin, 
retinoids. Sonic hedgehog and fibroblast 
growth factors (FGFs), which provi()e 
anterior-posterior £A-P) and dor^l-vaitral 
(D-V) patterning Information, may regionalize 
stem ceBs^*. 
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stem cells are also discussed. By examining these two dififereni aspects 
of stem cell research, future directions of exploration are highlighted 
that might help explain this apparent dichotomy. 

Stem celts at the beginning of the nervous system 

Many fundamental questions regarding specification of early neural 
stem ceUs remain unanswered. When the neutral plate first emerges, 
does it consist solely of stem cells or does it include both stem ceUs and 
restricted progenitor types (Fig. 1 )? Analysis of adherent done pro- 
duction suggests stem cells are prevalent at early stages. In spinal 
neural tube from embryonic day 8 (E8) rat, over 50% of the viable 
j cells at 24 hours are stem cclls"^'^. In telencephalo n from E 1 0 mouse, 
; estimates of stem cells range from 5 to 20% ( refs 4,18,19). Most of the 
i premigratory neural crest consists of stem cells^. 

But the frequcnq? of stem cells declines rapidly, diluted by the pro- 
duction of restricted progenitors and differentiated cells; for example, 
in spinal cord it drops to 1 0% at E 1 2 and 1 % at postnatal day 1 (P 1 ) 
, Notably, stem cells seem to be much rarer when neurosphere produc- 
I tion is used as the assay: only 0.3% of E8.5 mouse anterior neural plate 
j cells make neurospheres'*. Perhaps neurosphere-generating cells arc a 
j subpopulation of early stem cells, or perhaps stem cells are more 
. prevalent in spinal cord than anterior regions at this age. 

How are neural stem cells initially specified? The stem cell could 
: be the default state or, alternatively, stem cells might be induced. 
Pluripotent embryonic stem cells can produce a primirive rype of 
neural stem cell when grown in isolation, but only 0.2% of embryon- 
. ic stem cells generate ncurospheres"^ Although this study suggests 
that there is a default pathway foracquiringthe stem cell state, thelow 
frequency indicates that it may be normally enhanced by inductive 
mechanisms. 

If stem cells are. or rapidly become, a subset of early neural 
progenitor cells in vivo, how are they distributed (Fig. 1)? Without 



specific markers, important questions regarding stem cell frequency 
and location in vivo remain open. 

The early, widespread presence of stem cells in the embryonic 
nervous system raises another important issue of their role in devel- 
opmenc Given their prolific, multipotent namre in vitro, they are 
likely to be principal progenitors in vivo, but this remairw to be shown 
directly. For example, it is possible that early restricted neuroblasts 
rather than stem cells might generate the preponderance of neurons. 
Clonal studies suggest that most glia, both astrocytes and oligoden- 
drocytes, originate ft-om stem cells*'* ", signifying their importance 
for gliogenesis. In fact, as described below, there may be an intimate 
association between glia and the neural stem cell state. 

Neural stem ceils acquire positional information 

Patterning of the body axis occurs through signalling systems 
that impart positional information. For example, gradients of 
signalling molecules can regionally specify a population of progeni- 
tor cells if the cells respond differently to different concentrations of 
the signal". In the nervous system, the salient patterning in anteri- 
or-posterior and dorsal-venrral axes occurs early* concomitantly 
with neural induction (Fig. i y\ 

Do both stem cells and restricted progenitor cells exhibit 
regionalization, or do stem cells remain unspecified, maintaining 
their plasticity? In Drosophila and grasshopper, each stem cell-like 
neuroblast has a unique identity based on its position in the neuroec- 
toderm*\ In vertebrates, this question is just beginning to be 
explored. Neurospheres generated from different CNS regions 
express region- appropriate markers, indicating that the original 
stem cells were indeed regionally specified^*. Regulatory 
sequences control region-specific expression of the transcription 
factor Sox2, so that expression is seen in telencephalic but not 
spinal cord stem cells'^ 
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In addition, stem cdls isolated from different neural regions gencr^ 
ateregion-appropriate progeny. Spina] cord stem ^ff^"^'^ . 
cord progen?. Basal forebrain stem ceDs cultured at donal density 
genei^tefignificantlymoreGARA (^-aminobutyricaad)-contaming 
neurons, which arc characteristic of ba!»l regions, than dorsal stem 
ceDs cultured under identical conditions'^ PNS neural ciest stem cell^ 
whichariseatthclateraledgesoftheneuralplate,^ 
and generateprogeny distinct from thoseofCNSstem cells .Hence, 
vcnebrate stem ccllsscemtobepositionally specified. 

Neural rtem cells acquire temporal information 

Diffcxent neural cell types arise in a precise temporal order that is 
characteristic for a particular region and species. In general, CN^ and 
PNS neurons arise before glia, and specific types of each ceU have 
specific birthdatcs. Timmg seems to be encoded in progenitor ceUs, 
so that besides positional information they have ^temporal mforma- 
tion\ vhich is seen as stage-dependent changes in progenitor ceUs 
(Table 1). Thus, late-embryonic ferret cortical progcmtor ceUs 
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cannot make cdk appropriate foryounger stages when ^^^f^^^ 
intoearly cerebral corto^- Rat cortical prc^cnitors become restrict- 
ed in tbeir abBity to generate limbic system-assodated memW 
nrotein (LAMP)-positive Umbic cortical progeny after E14 (ret. JO J. 
Midrtundbrain progenitor celk are unable to generate tclencephal.c 
ph«o^es aftCT E13.5 in mouse". SVZ cells can no longer make 
Kcd?n neuronsby birth'"', and retinal progenitor cells seem to 
besimilarlyrestrictedtemporally^'. , . „ 

Stem cells are a minor component of the progenitor populaUon in 
these studies, but experiments indicate that they also exhibit stage- 
devendeotchangesinpotential.Someearlyneun]tubecdls produce 

bo* CNS and PNS stem ccUs, suggesting that there is a common 
progenitor for two separate stem cell lineages with more restticted 
potentials". Each of these lineages also changes over time. CNS stem 
cells undergo repeated asymmetric cell divisions, first produang 
neurons then thu* reproducing the normal neuron-glia order 
(Fig 2) Moreover, they have an active role in this process by altenng 
their intrinsic properties. Thus, stem cells from earlier stage cortices 
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produce more neurons and have a lower tendency to produce glia 
than those from later stages. 

Temporal specification of stem cell populations also occurs in the 
?NS. Mouse neural crest stem cells isolated from the rat neural tube 
have been compared with later stem cells isolated prospectively from 
E 1 4 sciatic nerve after transplantation into different sites of the chick 
embryo^. Early neural crest stem cells generate significantly more 
neurons than later stage cells: like CNS stem cells, their neurogenic 
capacity declines with stage. Furthermore, the range of neurons 
generated by late neural crest stem cells is more restricted. Early 
transplants that are highly enriched for neural crest stem cells but 

contain some restricted sensory progenitor cells can generate dorsal 
root ganglion (DRG) sensory neurons, and adrenergic and choliner- 
gic autonomic neurons. By contrast, older-stage neural crest stem 
cells made no DRG neurons, only rare adrenergic sympathetic 
neurons, but they could generate cholinergic autonomic neurons. 

Stem cells also undergo phenotypic changes as germinal zones 
(ievelop (Fig. 2). It has been suggested recently that some radial glia 
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present at mid-gestation might be stem cells (reviewed in ref. 36). 
This idea is appealing, given that radial glia are thought to be 
neurogenic precursors in adult canary brains, and that astrocytes, the 
lineal descendants of radial glia, have stem cell properties in the adult 
mammalian SVZ*'. 

Developmental changes in stem cells — for example, in their 
potential and phenotypc — are accomplished by, and perhaps driven 
by, changes in their growth factor responsiveness (Fig. 3; and see 
accompanying reviews by SpradUng and colleagues, pages 9g-104, 
and Weissman and colleagues, pages 105-111). Thus signalling 
molecules, such as fibroblast growth factors, bone morphogenetic 
proteins and NoggLn> can influence neural stem cells from neural 
induction through adulthood, but their responses to these factors 
vary with st^e. 

The mechanisms imderlying temporal changes in neural stem 
cells are not understood. The lineage trees of mouse CNS stem cells 
are remarkably similar to those of invertebrates^'. Drosophila CNS 
neuroblasts express sequentially the transcription factors Hunch- 
back, Kruppel, POU-domain genes i and 2, Castor and grainyhead, 
which specify the production of different neurons at different 
times"'***. The expression sequence may be driven by a cell-intrinsic 
clock"**. Perhaps similar intrinsic timing mechanisms, combined 
with environmental input, temporally specify mammalian CNSstem 
cells. Growth factor concentrations vary during development and 
neural stem cells respond differently to different concentrations of 
the same molecule (Fig. 3). Hence, it is tempting to speculate that, 
just as positional information can be imparted by spatial gradients of 
signals^, temporal information might be imparted by temporal 
gradients of signalling molecules. 

Examining the plasticity of adult stem cells 

If stem cells undergo developmental changes, adult stem cells are 
likely to differ from those in the embryo and to be regionally and 
temporally restricted. 

One way to examine the plasticity of adult neural stem cdls is to 
transplant them directly into the developing embryo and examine 
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Stem cells are under active consideration as a source ot dorvDr 
tissues tor neurortal ceU therapy'*. 

Parkinson^s disease. The requirement is to generate cells that 
synthesize and release dopamme tor implantation into the dopamine- 
depleted striatum. For this therapy to be effective, it is unknown 
whether these cells must aiso rrature into projection neurons with 
synaptic host connections — a process that is required for ODtimal 
effects of embryonic nigra! grafts. 

Huntinflton's drseaae. rt we can control differentiation into mature 
: r^uronal phenotypes then many other diseases that involve loss of 
i specific neuronal types, such as the striatal medium spiny proiection 

neurorfi lost in Huntington's disease, might be suitable for 
\. transplantation of neurons expanded from stem ceU sources. 

Spinal cord injury. Siem cells may be able to repopulate the site of 
f ir^ury. provide a substrate for axon growth across the transection. 
' and btocK-syrifw progression. Each oJ these effects has been found 
\ wnth primary embryonic cells; however, studies using stem or 
i immortalized precursors are still preliminary. 
\ stroke. Stem cells and irmmortafized precursors may be able to 
I migrate through the central nervous system and repopulate sites of 
f" ischaem'a In spite of rather limited evidence from animal studies, 
* clinical trials of this strategy are already underway. 
I Multiple sclerosis. Oligodendrocyte lineages are better 
; characterized than neuronlineages, and oligodendrocyte precursors 
\ can differentiate and provide a functional remyelination of axons after 
\- focal experimental demyelination. For application in multiple sclerosis 

[ the main problem is how to stimulate the migration of such cells to 

? dverse sites of demyeliration that occur sporadically in the human 

I disease. Notwithstanding the potential applications of 
oBgodendrocyte lineages in several diseases, many key technicai 

\ problems remain to t?e resolved. 

what neural cell types they produce; this still remains to be done. 
Emerging methods for the prospective isolation of aduh CNS stem 
cells"'" should facilitate this important experiment. Experiments 
using ctilture-expanded adult CNS stem cells indicate that there is 
some plasticity in adult environments (Table 1). For example, adult 
spinal-cord-derived stem cells, which do not normally 
neurons, can make intemeurons if injected into the adult hippocam- 
and adult hippocampai-dcrived stem ccUs can make olfectory 
intemeurons after transplantation to the SVZ*^. As yet, however, 
there is no direct evidence that adult-derived stem cells can make the 
types of projection neuron that are normally generated in the 
embryo. 

Given the vital gaps in our understanding of adult neur^ stem 
cells, we cannot yet conchidc that they are highly plastic. Evidence 
that they can generate different somatic ccD types U limited, and 
maybe restricted to rare events or rare cells*-^. In considering the 
TWO different ideas raised at the beginning of this review, there 
may be in fact no dichotomy. Most neural stem cells might be 
re^onally and temporally specified. There may also be rare stem 
cells present in the nervous system, perhaps not even of neural origin, 
that have greater plasticity, at least in terms of producmg diverse 
somatic cell types . 

Reversing the stem cell lineage 

If stem cells are restriaed, can these restrictions be reversed (Fig. 4)? 
For example, can an adult stem cell re-acquire the ability to generate 
cell types normally made in the embryo? A study has indicated that 
culturing SVZ stem cells as ncurospheres expands their potential and 
allowsthem to generate PNS progeny after injection into chickneural 
crest pathways*^ Furthermore, descendants of neural stem cells may 



Sources. 11 we seiea early embryonic stem ceils, then the number of 
transformations and the complexity of signals required to achieve a 
specific differentiated phenotype may prove prohibitive; instead, rt 
may be easier to control the phenotypic differentiation of developing 
neurwal precursors, but that might in turn limit their capacity for 
expan^on. Adult-derived cells rr^ay circumvent both ethical and 
immunological constraints, but their plasticity for expansion and 
differentiation remains to be established. Cross-lineage 
transformation offers a new prospect for a more flexible source^ in 
particular to derive autografts from patients themselves. A further 
advance is that precursor cell are less immunogenic than primary 
embryonic neurons in xenografts, highlighting a way to overcome one 
of the rr^ain difficulties of transplantation from non-human donors. 
Expansion. Neuronal stem cells from species other than mice seem 
to senesce on repeated passage, v/ith only limited potential for 
expansion. Conversely, if not funy differentiated at the time of 
implantation, there is always the possibility of tumour formation - a 
problem that is still not resolved tor enher embryonic stem cells or 
immortalized precursors. 

Differentiation. TTie biggest single problem still to be solved .s how 
to direct and control the differentiation of specific target phenotypes 
required for replacement and repair in each disease. Setection of 
appropriate starting cells try embryonc regional dissection and stage 
of development, as well as diverse parameters of in vitro 
manipulation, are likely to be crucial factors in directing appropriate 
phenotypic differentiation. Failure can lead not only to a lack of benefit 
but also to significant side-effects from proliferation of non-neuronal ^ 

phenotypes. v 
All these problems can be solved, but it will require more than a j- 
single breakthrough to transform the potential attributed to stem cells ^ 
into a reaiistic clinical strategy for cellular repair. | 

wiff rm "i~n — r 



be able to revert. Optic nerve 02 A progenitor ceUs> which normally 
produce solely gUa, can be converted in vitro into multipotent, 
neurosphere-generating stem cells^^ In the adult SVZ, both type B 
stem cells and their progeny, type C progenitor ceUs, can make neu- 
rosphercs in vitro. Moreover, type C cells are stimulated to convert to 
stem cells by epidermal growth factor^. In the postnatal chick retma 
after damage, MuUer radial gUa, which arc maintamcd throughout 
life, can re-enter the ceU cyde. re-express retinal progenitor cell 
markersandgeneratenewneuronsandgha . 

If environmental fectors can enhance the acquisition of neural 
stem cell fates, or increase the plasticity of stem cells, this may be of 
enormousbenefit therapeutically, as indicated in Box 1 . 

Future Studies' , i r ,j 

As regions of the embryo are patterned and development unfolds, 
neural stem cells may be an essential mediator of devdopmental sig- 
nals, acquiring a changing repenoire of gene cxprcsMon, morphology 
and behaviour. Despite differences in the properties of stem ceUs 
isolated from different regions and at different times, they snU self- 
renew. Self-renewal can therefore be considered as the propagation of 
stem celb, rather than the production of exactly the same type of cell. 

\i will be important to examine how developmental signals, both 
spatial and temporal, specify changes in neural stem ccUs. Markers 
for neural stem cells will allow their selection from different stages 
and regions to examine their potential after transplantation into the 
embryo or adult, and a comparUon of their gene expression. Such 
explorations will help identify essential mediators of stem cell 
self-renewal, and genes that determine production of different types 
of progeny. Markers will also help solve the tantalizing issue of which 
cells irt vivo are stem cells. 
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Although research to identify adult sources of highly plastic stem 
celU for therapeutic use will continue, it seems likely that most 
neural-generating stem cells might be specified during development. 
In that case, we must explore this diversity to understand how 
different neural c ells are, and can be» made. □ 
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